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Preface 'v^/ C'^r-

Symposia on the chemistry of cements have become established through a succession of

international assemblies held at irregular intervals. More than a half centxu-y ago such meet-

ings among researchers, covering various materials including cements, were sponsored by the

International Association for Testing Materials.

The first international congress dealing exclusively with the chemistry of cements and
related materials seems to have been a meeting sponsored by the Faraday Society and held

in London on January 14, 1918. Because of the priority of that meeting in this special field,

it has come to be known as the First International Symposium on the Chemistry of Cement.
The First Symposium was designated as "A General Discussion" on "The Setting of

Cements and Plasters." Ten brief papers were presented by eleven scientists from five coun-

tries. Twelve discussions followed the presentation of the papers. The Proceedings consisted

of 69 pages published in the Transactions of the Faraday Society, Volume XIV, 1918-19.

The Second Symposium was sponsored by the Royal Swedish Institute for Engineering

Research and the Swedish Cement Association. A three-day meeting was held in Stockholm

in July of 1938 under the designation "Symposium on the Chemistry of Cements." Forty-

seven persons from 13 countries participated in the presentation of 13 papers and 52 discussions.

The Proceedings, consisting of 578 pages, were published in Stockholm in 1939 by the Royal

Swedish Institute for Engineering Research.

The intervention of World War II delayed consideration of the next symposium. Pre-

liminary plans for a general meeting in Washington were abandoned, but eventually arrange-

ments were made for the Third Symposium to be held in London under the sponsorship of the

Department of Scientific and Industrial Research and the Cement and Concrete Association.

The five-day meeting was held in September of 1952, and was attended by 260 persons, 84 of

whom participated with 23 papers and 102 discussions. The Proceedings, consisting of 870

pages, were published in London in 1954 by the Cement and Concrete Association.

Preliminary conversations on the organization of the Fourth Symposium were initiated in

April 1956, at which time agreement was reached b}^ the National Bureau of Standards and

the Portland Cement Association that the Symposium would be jointly sponsored by those

organizations. By the spring of 1959 a tentative program had been set up with the coopera-

tion of leaders in cement research of several foreign countries. Later in that year the organiza-

tion of the working committees was completed. The sponsors and members of committees

are listed below.

Sponsors: National Bureau of Standards, Allen V. Astin, Director; Portland Cement Association, G. Donald

Kennedy, President.

Executive Committee: I. C. Schoonover, and A. Allan Bates, Cochairmen; R. H. Bogue, Secretary, Robert

E. Pflaumer, Douglas E. Parsons, Myron A. Swayze, W. S. Weaver, C. E. Wuerpel, and Hubert Woods.

Program Committee: T. C. Powers and R. L. Blaine, Cochairmen; H. F. McMurdie, W. C. Hansen,

W. J. McCoy, Fred Ordway, Kenneth E. Palmer, and Stephen Brunauer.

Arrangements Committee: J. H. Walker and Bruce Foster. Cochairmen; Clayton Davis and William Lerch.

Editorial Committee: E. T. Carlson and H. H. Steinour, Cochairmen; E. S. Newman and M. D. Catton.

Papers for presentation at the Symposium were received at the Secretary's office, beginning

in January 1960, and continuing to September. After review by the Program Committee

and some preliminary editing by the Editorial Committee, they were reproduced by a photo-

duplicating process, and copies were mailed, as they became available, to the Sjnmposium

members.

The Fourth Sjmiposium was held at Washington, D.C., October 2-7, 1960. Invitations

to membership in the Symposium were accepted by 362 persons, including 169 from the United
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States and 193 from 34 other countries. The number actually in attendance was 271. All

sessions of the Symposium were held at the National Bureau of Standards.

At the first session, held on Monday morning, October 3, Dr. I. C. Schoonover, Associate

Director of the National Bureau of Standards, and Dr. A. Allan Bates, Vice President of the

Portland Cement Association, acted as cochairmen. Dr. A. T. McPherson, Associate Director

of the National Bureau of Standards, welcomed the guests on behalf of the Bureau, and Mr.
G. Donald Kennedy, President of the Portland Cement Association, indicated his pleasure

in cosponsoring this important gathering. Dr. Eberhard Spohn, President of the Heidelberg

Cement Company, responded on behalf of the members of the Symposium.
The first formal address, given b}^ Dr. Wallace R. Brode, formerly Science Advisor to

the Secretary of State, was entitled "Some Problems Associated with the Growth of Science."

This was followed by an address, given by Dr. F. M. Lea, Director of the Building Research
Station of the United Kingdom, entitled "Cement Research, Retrospect and Prospect."

Succeeding sessions were devoted to technical papers, grouped under seven general topics

related to the chemistry of cement.

The titles of the individual papers will not be given here, as they are listed in the table of

contents. The program included the following sessions.

Session II—Chemistry of Clinker; Monday afternoon, October 3; Dr. Henri Lafuma and Dr. R. H. Bogue,
presiding.

Session III—Chemistry of Hydration of Cement Compounds; Tuesday morning, October 4; Dr. Fritz Keil

and Mr. Charles E. Wuerpel, presiding.

Session IV—Chemistry of Hydration of Portland Cement; Tuesday afternoon, October 4; Dr. Niko Stut-

terheim and Mr. Myron A. Swayze, presiding.

Session V—Properties of Cement Paste and Concrete; Thursday morning, October 6; Dr. Wolfgang Czernin

and Mr. Hubert Woods, presidiAg.

Session VI— Destructive Processes in Concrete; Thursday afternoon, October 6; Dr. Arturo Rio and Mr.
Douglas E. Parsons, presiding.

Session VII—Chemical Additions and Admixtures—was combined with Session VIII.

Session VIII—Special Cements; Friday morning, October 7; Prof. B. G. Skramtaev and Dr. A. R. Collins,

presiding.

The technical communications were of three categories, as follows:

1. Principal papers by outstanding contributors to the literature of cement and con-

crete technology, who were invited to present their appraisal of the present state

of knowledge in their assigned topics;

2. supplementary papers submitted by members of the Sjanposium, presenting new
and original research dealing with the specific topics of the Symposium; and

3. discussion of principal and supplementary papers, presented by members of the

Symposium.
Papers were presented in condensed form, but are given in full in these Proceedings.

Some of the discussions were submitted prior to the Symposium, others at the time of the

meetings or subsequent thereto.

After the Symposium, authors were invited to submit corrections to their papers, but

did not have opportunity to read printers' proof. Readers of the Proceedings are asked to

make allowance for this, as well as for the facts that some papers are the joint product of

authors and translators, and that translations had sometimes to be edited without access to

the original manuscripts.

Following the sessions in Washington, many of the members of the SjTiiposium accepted

a general invitation to travel to Skokie, 111., to visit the laboratories of the Portland Cement
Association and to attend a series of seminars there. A two-day expense-paid bus trip from

Washington to the vicinity of the laboratories was arranged b}' the Portland Cement Associa-

tion for foreign guests to enable them to see the countryside and to observe some typical highway

systems, expressways, toll roads, and city streets in the United States.

The program at Skokie, October 10-12, included seminars on cement manufacture and

on basic and applied research, as well as laboratory tours and demonstrations.
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Explanatory Notes

Abbreviations. The following symbols, which have been
widely adopted by cement chemists for formulating more
complex compounds, are used interchangeably with the
respective oxide formulas throughout this book: C=CaO,
S=Si02, A=Al203, F=Fe203, M= MgO, N= Na20,
K=K20, H= H20. Less common abbreviations of this

type are defined as they occur.
Commonly used abbreviations of more general nature

include the following:
DTA= differential thermal analysis
FM= fineness modulus
IR= infrared
NMR= nuclear magnetic resonance

psi (or p.s.i.) = pounds per square inch
rh (or r. h.)=relative humidity
w/c (or W/C) = water-cement ratio

Identification Numbers of Papers. Each symposium paper
has been assigned an identification number. Examples:
Paper II-l is the first principal paper of session II; paper
II-Sl is the first supplementary paper of session II. With
few exceptions, the numbers correspond to those assigned
to the copies of the papers distributed in advance of the
symposium.
Scale of Magnification. In micrographs, the scale of mag-
nification frequently is indicated by a horizontal line.

Where not marked, the length represents one micron.
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SESSION L GENERAL ADDRESSES

Paper I-l. Some Problems Associated With the Growth of
Science*

Wallace R. Erode

(Former Associate Director, National Bureau of Standards, and Former Science Advisor to the
Department of State)

In an address [1],^ as retiring president of the

American Association for the Advancement of

Science, made in Chicago last December, I stressed

the need for a National Science Policy in our

Government. The reactions and input to these

suggestions provided the background for a pres-

entation [2] before the American Chemical
Society some four months later, in which I moved
toward an international science policy and pro-

gram, but still slanted toward the Governmental
requirements.

Again there has been reaction, opposition

and support, to the ideas which were presented,

with the development of a still broader concept

of the need for coordinated science planning and
programing between governments, universities,

industries, and research organizations, both within

and between countries.

A measure of the advance of civilization of the

world as a whole, and its concomitant parts, is

the advance in science and technology. Advance
in science and technology is at times a prestige

method by which nations try to establish their

influence and position. The spread of scientific

and technical knowledge is a part of the program
by which enlightened nations try to raise the
cultural level of the world community. Much of

the approximately three billion dollars of foreign

aid which the USA annually provides is directed
toward scientific and technological training and
assistance. Yet we, and other nations who main-
tain a scientific and technical approach to a way
of living, are beginning to realize that at the
present rate of increase in om- scientific production
and activity, we are rapidly approaching limita-

tions in personnel, facilities, and funds which will

require establishment of priorities including their

funding, location, emphasis, and support.

Predictions of the Future

Essentially there are two extremes in the kinds
of events which we predict in advance. One is

the event which is quite certain, and by reason of

repetitive character or a limited possibility, can
be estimated with reasonable accuracy. The
other kind of event is that which requires a
"crystal ball" and may be said to be at best an
intelligent guess.

A good example of these two kinds of forecasts

is to be found in an address by Harvey W. Wiley,
a noted U.S. Government Chemist, who, on the
occasion of the 25th anniversary of the founding
of the American Chemical Society, which was
celebrated in 1901, predicted that on the occasion

•Fourth International Symposium on the Chemistry of Cement, Washing-
ton, D.C., 1960.

1 Figures in brackets indicate the literature references at the end of this paper.

of the 100th anniversary of the founding of the
American Chemical Society, in 1976, the popula-
tion of the United States would have grown from
71 to 225 million and the membership of the
American Chemical Society would have grown
from the then two thousand to ten thousand
members. Census experts tell us that barring the
unforeseen Mr. Wiley will be correct within about
3 percent on his population prediction, whereas in

his prediction on the expansion of science the ACS
now has 90,000 members, and we still have 16

years to go in which we can expect a further
growth to about 150,000 members as compared
with his underestimate of 10,000 members.

People talk of the "population explosion" of our
civilization, with dire predictions of the time when
there will be standing room only. It is true that

1



world populations are increasing at a logarithmic

rate with an average annual world increase of 1.7

percent. This produces a doubling of the world
population every 50 years and of course mathe-
matically speaking this could lead to standing
room only. By the year 2000 the earth will have
about double its present population. Some areas

are growing faster than the average. The United
States, India, and Red China are growing at about
the average rate of 1.7 percent per year. Europe

is growing at a slower rate of 0.7 percent per year.
Asia at 1.8 percent, Africa at 2.2 percent, and
South America at 2.5 percent, are all growing
slightly above the average rate of 1.7 percent per
year. In contrast—for quite a number of years

—

the growth in number of scientists and engineers
and the production of technical papers has been
increasing at the rate of 10 percent per year with
a doubling every 8 years, rather than doubling
every 50 years as does the population.

Science Support

The U.S. National Science Foundation, in a re-

lease issued in September 1960, estimated that the
total outlay in this country for research and de-

velopment for this year (1960) would amount to

about 13 billion dollars, of which about 1 billion

would be spent for basic research. This amount
of 13 billion is about double that expended four

years ago for research and development. On the

basis of gross national product (GNP) this is not
too staggering a figure, for with a 500 billion dollar

GNP this represents only about 2.5 percent of the

GNP for research and development and only about
0.2 percent of the GNP for basic research. I am
advised that these percentages of the gross na-
tional product devoted to research and develop-

ment are roughly paralleled in a number of the

leading technical nations. The actual support
and use of research funds may vary from nation to

nation. For example, in the United States our
basic research funds are furnished to the extent of

36 percent by industry, 55 percent by the Govern-
ment, and 15 percent by universities and founda-
tions, whereas they are used for the performance of

research to the extent of 17 percent by the Govern-
ment, 35 percent by industry, and 48 percent by
the universities and foundations.

The amount we are expending for research and
development is not disturbing, but rather the rate

at which these funds are being expanded each year
compared with the growth of the gross national

product and our population. At the present ex-

pansion rate of these funds we will, in 10 years
time, be spending some 30 billion dollars a year on
research and development. By that time our
gross national product will have increased to about
700 billion and the percentage of the GNP de-

voted to research and development will have risen

from 2.5 to 4 percent.

The growth of science and technology at a faster

rate than our population, wealth, and facilities,

implies a trend which if extended to the world at
large may overload our abilities to cope with the
demands and most certainly will require some form
of coordinated planning between governments,
universities, and industries.

In addition to the problems of size and expansion
rate, there is also a problem of the relative em-

phasis or direction of programs. The relative
emphasis may be between government, industry or
universities, or it may be between various areas of
science and technology such as space, oceanog-
raphy, health, nuclear physics, or the chemistry
of cement.

It must be obvious that, as we approach satura-
tion limits or shortages, there must be a rational
program to conserve and distribute our research
and development resources. Such planning re-

quires the establishment of national and inter-

national goals and a serious consideration of the
problems, not only by those who stand to profit

by future developments in science and technology,
but also more especially by those who are con-
cerned over the long range prestige and advance of

science and technology.
A century from now the world population will

be four times what it is today, and this does not
seem to be too complex a problem to prepare for.

What requires more immediate attention is the
expansion of science. The President of the Ameri-
can Chemical Society, Dr. Albert L. Elder, in his

Presidential address in September 1960, considered
the problem of the population explosion as viewed
from the vantage point of the food chemist. For
the moment the increasing world food require-

ments appear to be solvable, for science and tech-

nology have demonstrated through work in crop,

breeding, and production techniques that yields

can be increased at a faster rate than the popula-

tion increase. In fact, the number of persons

engaged in agricultural production in technologi-

cally oriented countries is reducing at a faster

rate than the increase in the number of scientists

and technologists. Today in this country, one

person on a farm, with the aid of modern tech-

nology and science, produces enough food for 20

persons whereas in the less well developed areas of

the world one person feeds three on a lower level of

subsistence.

The great crisis which looms ahead is science

itself, a crisis which is far more imminent and
threatening in the closing half of this century than

the population, food, or wealth problems.
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The Educational Explosion

In many of the less well developed areas of the
world where educational facilities are inadequate,
it is expected that in the next decade or two, in

order to achieve an adequate status, educational
facilities will have to be provided on a much
greater scale than are now available. This is a
problem in the United States, as well as many
other areas of the world. Due to changes in birth

rates during the past war, there will be nearly
double the number of persons of college age in

1970 as are now in this age bracket. We may
expect, with the general increasing percentage of

persons electing to go to college that we will have
somewhat more than double the number of college

students in 1970 than we have today. There is

also a trend to gravitate towards science as a
major, so that we may also expect a higher per-

centage of these students to major in science. We
may in fact have three or four times as many
science students in 1970 as today. There is a
problem in the United States as to where we will

be able to obtain the essential teachers for our own
schools and also for other areas which we wish to
help. The teaching problem may well be answered
in part by research in mechanical devices, tape
recordings, motion pictures, closed television, and
other facilities. Space may be created through
the use of three shifts on a 24-hour day, seven day
a week schedule.

Some good may always accompany overcrowd-

ing, for it may be necessary to reduce enrollment

and in doing so we can be selective and retain the

higher quality of student.

Chemical Abstracts as a Measurement of Scientific Growth

The membership of individual scientific societies

in each nation is a reasonable measure of scientific

interest in that nation, but the foreign membership
in such a society is not a good measure of the
interest in the field since foreign membership is

often one of convenience and may be induced by
the availability of publications under a member-
ship arrangement. While the American Chemical
Society has 90,000 members, only about 6,000 are

foreign, and the distribution is not at all propor-
tional to known scientific strength of some of these
foreign countries.

On the other hand the well-known magazine
published by the American Chemical Society,

known as Chemical Abstracts, uses the nationality
of the authors of papers abstracted to provide a
mechanism to measure the relative scientific

production of a given area. Chemical Abstracts
is only concerned that all acceptable contributions
to chemistry are properly abstracted and indexed.
The so-called population explosion of the world

with its annual expansion of 1.7 percent per year
and a doubling of the world population every 50
3'"ears, is inconsequential when compared with the
10 percent per annum growth of our scientific

literature with a doubling every 8 years. As
much has been published in science in the past
10 years as in the preceding time since the dis-

covery of the printing press, and it is a well-quoted
phrase that 90 percent of all the scientists who
have ever existed are alive today. The growth
curves do not show any sign of having reached an
inflection, and in fact they may well be on the
accelerating growth side rather than the decelerat-

ing growth area which must be reached eventually
before we reach the time when every citizen must
be a scientist and the annual production of chemi-
cal abstracts equals the weight of the earth.

Science is expanding at a faster rate than our
population, yet the contributions of science and
technology are not distributed in proportion to

populations. There are many highly populated
areas of the world that are cuiTently providing
little to our scientific advance. What will be the

effect on our scientific growth if these areas are

brought into a state of fertile production? The
ethnologists and antlu'opologists advise us that

the entire human race is so nearly alike intel-

lectually that we should expect relatively the same
distribution of intelligence quotient (IQ) patterns
in all areas of the world, and that if the mentally
competent and alert individuals are given educa-
tional opportunities we should expect from them
a relative number of important discoveries and
scientific papers.

We have in the United States about 0.5 percent

of our population as scientists and engineers (1

million out of 180 million), and with our population
increase and even greater numbers of students and
the increased proportion of these in science, we
can still hardly expect to maintain a 10 percent

increase per year so as to maintain our proportional

contribution to the 10 percent world increase which
has been a reasonably constant rate for the past 50

years.

At the present time the United States produces
about 30 percent of the material in Chemical
Abstracts, whereas the Soviet Union produces
about 16 percent but the rate of increase of the
United States contributions is about 8 percent per
annmn whereas the Soviet increase is about 15

percent per annum. By language in Chemical
Abstracts 50 percent of the world's physical

science literature is in English, 16 percent in

Russian, 9.5 pei-cent in German, 6.5 percent in

Japanese, 5 percent in French, 4 percent in Italian,

and 1 percent in Spanish.
Yet all of us realize that these percentages are

not proportional to world populations, and while
each of us would probably like to see a minimum
number of scientific languages, each would like to

see his own language retained as one of the princi-
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pal mediums of scientific communication. It must
be obvious that only a limited number of languages

can be effective in promoting the interchange of

science, and hence many scientists choose a

language of communication which is other than

their native tongue but which is comprehended
by a larger audience.

For example, it should be noted that the popu-

lation of South America is essentially the same as

that of North America, and if the ethnologists are

right, and we have no reason to doubt them, we
should expect that with equivalent education and
opportunity, their production in science could be
equivalent to our own. It is this accelerating

increase of production in these less well developed

areas of the world which will keep the total rate

of world annual increase in science at 10 percent

or higher for a long time to come.

The amount of material distributed to the

registrants of this symposium in advance of this

meeting should convince one of the expanding

character of our scientific literature. It might be

worth while to quote a few statistics so as to

impress on you the enormity of this scientific

explosion which we are experiencing. Chemical
Abstracts published abstracts on 120,000 papers

last year and will pubhsh about 135,000 abstracts

this year, and by 1975 this will be 500,000 and it

will be 1 milhon by 1985. There is now being

published a 10-year cimiulative index for Chemical
Abstracts, the 5th Decennial, which consists of 19

volumes of 1,500 pages each. This covers the

years from 1947 to 1956 and will cost about 2.5

million dollars to edit and pubhsh.

We will not be able to publish another decennial

index on account of the size, but the next 5-year

ciimulative index covering the years 1957 to 1961

will be just as big as the previous 10-year index of

about twenty 1,500-page volumes, and the next

5-year cumulative index for the period of 1962 to

1966 will be forty 1,500-page volumes and will

cost about 8 miUion dollars to produce. The
annual edition in 1967 will have 250,000 abstracts,

will require about 40,000 pages of text and 20,000

pages of index, and to pubhsh this will require

about 500 employees in addition to several

thousand abstractors. The floor space for this

staff will amount to about 40,000 square feet, and
the budget for operation wiH be about 10 million

dollars.

At some time between the years 2000 and 2050,

we must reach an inflection point, for by the year

2000 about 10 percent of our population will be

scientists and engineers if we are to maintain the

present rate of increase. More probably other

areas of the world will be approaching a tech-

nological level at a more rapid rate so as to main-

tain the world advancing rate of 10 percent. By
the year 2050, however, even these areas may be

saturated or tending towards a lower growth rate.

In the past, wars were quite effective in providing

a retardant or moratorium on basic scientific

advance. The world is changing and it seems

likely that we may be in for intellectual competi-

tion, rather than armed conflict, to establish

prestige and technological advantage in such areas
as space, health, food, new materials, and trans-
portation. This may well result in greater accel-
eration in scientific production.
The same staggering increases face us in nearly

every area of science and in some of the new and
popular areas, such as electronics, space, nucleonics,
biophysics, and health; the acceleration rates are
greater than in the chemical areas.

These increases are not the result of publishing
poorer work so as to increase the volume, but
rather our information is to the contrary, for with
competition to obtain publishing space and back-
logs in journals the rejection rate has risen, and
the quality of our published material is also rising.

The limiting factors which we are approaching
are the ceilings on available personnel, financial

support, and facilities. It becomes increasingly
important that our communication be improved
so that adequate planning and priorities can be
effected to conserve our capabilities to realize a
maximum production for our efforts.

Just how this improvement of efficiency is to be
effected is in a measure dependent on good coor-

dination and planning within each country or state

and then across the boundaries by direct exchange
and communication on all levels, but with reason-

able direction through coordination boards or

commissions in the international unions, trade
combinations, exchange agreements, symposia,
and conferences such as this International Sym-
posium on the Chemistry of Cement, where world
experts can exchange ideas and information.

In part, this desired coordination is being

effected through better scientific liaison between
nations. Some 25 nations have scientific attaches

here in Washington, and the program of scientific

attaches which I promoted in the major science

centers of the world has demonstrated that it is

possible to accelerate the flow of information and
improve our scientific contacts so as to 'lead to a

closer scientific coordination of our research

programs.
I sincerely hope that I have not left the impres-

sion that we are approaching a tower of Babel or

an imponderable mass of data, for a part of our

scientific research program both here and abroad
is directed towards the improved methods of

literature storage and retrieval. The enormous
mass of data to be handled in the future does not

disturb me for I have confidence that scientific

research will find a method to cope with it. The
early monks who prepared the hand lettered

manuscripts of the past would also have been

disturbed if they had thought that our present

day printing demands would require the issuance

of weekly magazines in color with 5 to 6 million

copies for their circulation.
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Paper 1-2. Cement Research: Retrospect and Prospect*

F. M. Lea

(Director, Building Research Station, United Kingdom)

It is most appropriate that we should meet for

this International Symposium on the Chemistry
of Cement in the City of Washington and at the

Bureau of Standards. Here in this city, in a
neighbouring laboratory, there were commenced
over 50 years ago those studies on the nature of

rocks, that have contributed so much also to our
knowledge of the constitution of industrial sili-

cates. The Geophysical Laboratory and the

names of its earliest workers on the phase equilib-

ria between lime, alumina, and silica—Rankin,
Shepherd, Wright—are familiar to all cement
chemists. We know our present meeting place,

the Bureau of Standards, as the laboratory from
which P. H. Bates made many of his contributions
to cement chemistry, to be followed by many
others from the staff of the Bureau, and whei-e

there was established in 1924 the Portland Cement
Association Fellowship under the leadership of

R. H. Bogue. To the many contributions that
have come from this Fellowship, we have also to

add those from the Portland Cement Association
laboratory, first at Chicago and then at Skokie,
where we are to continue our meetings next week.
The thread that runs through progress in any

field of scientific endeavour is often easier to see
in retrospect than in prospect. Looking at the
past we can see how one step has built on another;
looking at the present we can identify the obvious
aps in knowledge and form some idea of the
ind of work that is needed; but looking to the

future we can only foresee much more dimly
where such work may lead us. At the Stockholm
Symposium over twenty years ago, it was evident,
for instance, that we needed to know much more
about the distribution of water in set cement,
but we could hardly then have foreseen how far
the study of the vapour pressure of set cement
was to lead us in an understanding of its physical
structure and properties.

These symposia on the chemistry of cements
give us an opportunity to review the advances
that have been made, to evaluate and discuss
the evidence, and to mark out some of the prob-
lems that need attention.

The fulfilment of these purposes is the function
of the later sessions and in this opening address
I can only look broadly at the state of the science
and the trends that can be seen emerging, and
try to suggest some cross-connections between
different parts of the subject matter. If, in doing
this, I fall into speculation, perhaps this is an
occasion on which it may be permitted.

•Fourth International Symposium on the Chemistry of Cement, Washing-
ton, D.C., 1960.

When we met in London in 1952 we were all

impressed by the notable advances that had been
made in knowledge of the structures of the cement
minerals, considered as idealised chemical entities,

and of the phase relations to be expected if con-
ditions of equilibria were maintained. The basis
of the constitution of portland cement, and to a
rather less extent of high alumina cement, was
well-established. Not a great deal that is new
is now to be found on such matters but rather
has attention been directed more to the deviations
from ideality that occur in practice. Variability
in clinker structure and the effect of impurities
and crystal imperfections on the cementing prop-
erties of cement minerals are questions of impor-
tant practical significance that are discussed in

our papers. It is evident that minor oxides in

solid solution have significant effects on the
atomic arrangements, crystal form, and hydraulic
properties of alite and /3-dicalcium silicate. We
cannot therefore perhaps attach such constant
characteristics to the four main clinker minerals
as has been implicitly assumed in the past. The
relations that can be derived between compound
content and the properties of cements are statis-

tical in nature and we have to recognise that the
deviations which arise come not merely from
experimental error but also from the ignoring of

some variables. But may we not expect that
with greater knowledge of such matters it may be
possible to adjust the production of cements more
closely to particular desired ends? We may well
look to the further refinement of the analyses of

crystal structure and to the application of the
concepts of defects and dislocations in crystals,

to enhance our understanding.
As always, advances in techniques open up new

possibilities. Methods of X-ray diffractometry
are now offering a direct means for the quantitative
determination of the compound content of port-
land cement, in place of calculation. We still

have to improve this method, since the separation
of overlapping peaks, and the discrimination of

weak peaks from the background, at present
requires a considerable amount of personal judg-
ment. This problem presents itself most acutely
in the determination of low amounts of tricalcium
aluminate and this is of much practical importance
in the further development of sulphate-resisting
cement. Perhaps a theoretical study of the shape
of diffraction maxima could lead to methods
whereby complicated patterns could be analj'sed
by computers. On the other hand better tech-
niques may lead to sharper peaks and increased
resolution, and human error might be reduced by
improved counting methods such as pulse height

5



discrimination or by the use of monochromatic
soui"ces.

Perhaps the most notable feature of this Sym-
posium compared with that held in London in

1952 is the increased proportion of papers that

bear on the hydration of cements. Infrared

spectroscopy, nuclear magnetic resonance, and
microwave absorption are all techniques which
now offer possibilities, not only for determining
the way in which water is bound in set cement,
but also for following the hydration process.

Advantage has been taken of improvements in

electron microscopy and diffraction to study
further the structure of set cement, though perhaps
not all the high hopes placed on this powerful
instrument have yet been realised. The diffi-

culties in interpreting results on hydrates and
materials subject to phase change because of the
high vacuum and the heating effect of the electron

bombardment need no stressing. Sometimes these

can be turned to advantage by observing dehydra-
tion and decomposition phenomena in the micro-
scope, the changes being followed by lapsed time
photography and the diffraction pattern of the
selected area.

Differential thermal analysis, with improve-
ments in technique and in methods of interpreting

the results, enables hydrated compounds to be
differentiated by their water loss at low tempera-
tures, though here again we encounter the diffi-

culty of separating overlapping peaks. This
method, combined with X-ray diffraction data,

is giving much information on the hydration
products in set cement, as, for example, on the
composition of the calcium sulphoaluminates
formed and the way it changes with age.

It is questionable if any phase equilibria in

aqueous systems have received so much attention

as those of CaO-AlsOs-HsO and CaO-SiOs-HjO.
The former at least we can say is now largely

resolved over a wide range of temperatures and
many of the gaps in knowledge of the latter have
been filled. We cannot yet say, however, that

full agreement has been reached on the lime-silica

ratio of the tobermorite-like compounds formed
in the hydration of cement and there is the curious

anomaly that the hydration product of dicalciimi

silicate appears, according at least to some authors,

to have a higher lime-silica ratio than that from
tricalciimi silicate. Is this perhaps linked with the

idea that hydration of the tricalcium silicate is

controlled by the rate of diffusion of water through
overlying hydrate films, but that of the dicalcium

silicate by its slow intrinsic hydration rate? We
know of various quaternary hydrated calcium

alumino-silicates, and have evidence for the for-

mation of a gehlenite hydrate from the action of

lime on a calcined kaolin pozzolana and from the

hydration of slag glasses in the presence of lime,

but we have not as yet positive evidence of its

presence in set cement, and still less that of a

hydrogarnet, at normal temperatures. There are

many problems here still to be resolved.

Hydrothermal reactions have been much
studied, both because of their practical importance
and the hope that they would indicate without
question the final equilibriima products in the
lime-silica-water system. This hope has not been
realised, for we now know that even imder the
severe conditions of autoclaving there are many
intermediate stages and that metastable products
can be formed. The variables governing these
reactions are nevertheless important, since the
properties of autoclaved products depend much
on the constitution and crystal growth of the
phases formed.
The role of carbon dioxide in the aging of cement

products has now come again to the fore. There
was a long period, following the first report nearly
thirty years ago of the effect of carbonation on
the shrinkage of set cement, during which interest
remained dormant. Not only does the rate and
time of carbonation affect shrinkage but it is

also of importance in relation to the corrosion of
reinforcement. The discovery of combined carbon
dioxide in forms other than calcite in set cement
is of much interest and there is scope for more work
on equilibria in aqueous systems containing lime,
alumina, ferric oxide, sulfur trioxide and carbon
dioxide.

Pozzolanas were not considered at the 1952
Sjnnposium but it is evident from the review
on this occasion that the products formed from
the reaction of their silica and alumina constitu-
ents with lime are essentially the same as those
formed in the hydration of portland cement.
Little is still known about the part played by iron
and alkalies. Similarly, work since 1952 has
given more information on the hydraulic proper-
ties of slag glasses. We are concerned here with
two factors, the intrinsic reactivity of the slag
glass towards water in the presence of activators
and the strength-forming properties of the reac-
tion products. The interaction of these two
factors produces regions of high and low strength
in slag composition with the position of the maxi-
mum varying somewhat with the type of activator.
Though experiments with too many variables
become very involved, it seems necessary to
include as a variable the relative proportions as
well as the nature of the activators used. In
supersulphated cement, for example, a slag of

low lime-silica ratio requires more clinker and
less calcium sulphate than one of high ratio.

Knowledge of the hydration products of high
alumina cement has advanced in parallel with
that of the CaO-Al203-H20 system and there are
suggestions for ways of inhibiting the inversion
of the hexagonal plate to the cubic aluminate.
If this could be prevented at the higher tempera-
tures that can be attained in use it would have
much practical importance.
Though many details remain to be clarified we

have now a fair picture of the chemical and
physical nature of set cement and of the chemical
reactions involved in the initial hydration. Despite
much work there is still much to learn of the
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kinetics of the initial reactions, of the part played

by surface forces, and of the mechanism by which
the initial framework of setting cement is devel-

oped. We still know much less about set cement
at very early ages than about the more mature
product.

We know that both the strength and drying

shrinkage of set portland cement are influenced

by the proportion of gypsum added and that the

optimum content varies with the composition of

tne cement. Does not this suggest that the

initial framework established in setting deter-

mines the way in which the subsequent structure

of hydration products is set up? If this is so,

then it should influence the gel-space ratio and
such properties as shrinkage and strength. Again
it is evident that surface forces and particle charge
determine the rheological properties 0+' a. cem^'^.t

paste and that these can be altered by surface

active agents. Is this a merely transitory in-

fluence or do such forces predetermine the sub-

sequent development of structure? In the absence

of an adequate theory there is no guide to indicate

how additives might be tailored to produce
specific effects. We might contrast this with the

part that the theory of polymers has played in

the development of plastics.

Solution followed by precipitation and topo-

chemical solid reactions are alternative suggestions

for the mechanism of the initial hydration reac-

tions. Do these leave their own specific marks
on the physical framework of the set cement or is

this primarily dependent on the chemical nature
of the reaction products? The rapid initial reac-

tions are dominated by the hydration of aluminates

and their combination with gypsum, but initial

setting and the development of structure is often

attributed primarily to the tricalcium silicate.

Sulphoaluminates can produce a structural frame-
work, as is evidenced by supersulphated cement,
and false set is attributed to the reformation of

gypsum from its dehydrated forms. We have also

the suggestion from electron microscopy that plate

crystals from the tricalcium aluminate play an
active part in the formation of structure by acting

as a kind of template for other structures forming
in their vicinity. If this kind of concept is valid

then the framework of set cement, though com-
posed predominantly of hydrated silicates, may
still have its form, and to some degree its proper-
ties, predetermined by other products. There is

much in the papers presented to this Symposium
bearing on this topic but, as one of our authors
says, a true understanding of the mechanism of

thixotropy, setting and hardening, still lies in the

future.

An allied theme running through many of the

papers is the nature of the cement bond and its

attachment to the aggregate. Here our ideas are

derived from electron microscopy, considerations

of crystal structure, and of specific surface. We
can recognise that the conflict between crystal and
colloid theories of set cement has been replaced

by a more detailed description in which the large
surface area underlying colloidal behaviour and
crystal bond both play their part. We still are
not clear about the relative importance of surface
forces and chemical bonds; we cannot say that a
large surface area is a necessary condition for hy-
draulic properties for this does not hold for the
well-crystallised products that act as the bond in

cement cured in high pressure steam. The evi-

dence on the influence of crystal shape is also

more conflicting now than it appeared in 1952.
There is evidence that the bond of cement to

aggregate is improved by mild reaction of the
aggregate surface and this may be due to some re-

arrangement of the lattice in the contact phase.
This would seem similar in principle to the welds
that Bfrnal suggested are formed in set ce^aent
hj the intergrcwth of the h ttices of crystals in
contact.

There are various theories of the mechanism of

deformation and rupture of concrete under load,

but, on the principle of economy of hypotheses,
we should not be content until these can be related
to the bond within the cement paste and between
the paste and the aggregate. Some theories of

rupture are statistical derivations from the weak-
est-link theory, while others depend on the analysis

of stress distribution and elastic and plastic

deformations before, and at, failure in idealised

models. Precracking in compression is often
attributed to local breakdowns in adhesion be-
tween cement and aggregate caused by local

shear stresses arising at the interface, and sub-
sequent failure either to tensile failure of the
cement crystals, or of the bond between them
and aggregate, in a direction perpendicular to the

applied load, or to the development of inclined

shear planes. Has not the nature of the cement
bond a direct bearing on such conceptions? The
gradual reduction in the magnitude of the wet-dry
movement of concrete on successive cycles of

wetting and drying, and the observation in one of

our papers that the irreversible element in the

first drying shrinkage disappears after prolonged
wet curing may point to the gradual creation of

additional valence bonds. May not this be re-

flected in some change in the mode of rupture?
The strength of a heterogeneous material like

concrete is a complex property, but there is a

need to try to link the physical and engineering

approaches to the problem. It is of interest to

see such an attempt made in another of our papers.

In many problems we tend to seek solutions in

terms of phenomena which are specific to portland
cement. There are, however, many properties of

cement and concrete which do not differ materially

when the concrete is made from quite different

cements. Strength, elasticity, shrinkage and creep,

for instance, show essentially similar character-

istics in concretes made from portland cement,
slag cements, or high alumina cement. If the

shrinkage of a test specimen made from ground
calcium monoaluminate is essentially similar to
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that of one made from ground tricalcium silicate

then we must be tempted to seek the fundamental
cause of shrinkage in the physical chemistry of the

pore space assembly rather than in its chemical
and mineralogical character. If we press this

too far it may lead us into error, for there is good
evidence that shrinkage has not a single source

but rather several that come into play at different

stages of drying. Capillary theory, gel sorption,

and changes in the interlayer water probably all

play their part at different relative humidities.

The difficulty is to disentangle them. More atten-

tion has been paid to changes in the capillary and
adsorbed water than to the interlayer water, but
we now know that not only the tobermorite-like

hydrates, but also hydrated tetracalcium alumi-
nate and calcium sulphoaluminate all show changes
in lattice spacing with changes in water content.

There is scope for some comparative studies on
the vapour pressure-water content-shrinkage re-

lations of various kinds of hydraulic binders and
the way that these are influenced by the surface

area of the set cement. The results might in turn
also help to clarify the nature of the structural

framework of set cement.
There is much empirical knowledge of creep in

concrete and an imderstanding of the rheological

models, combining viscous and elastic elements in

series or parallel, that will give mathematical ex-

pressions for it, but it is well recognised that such
models only represent the behaviour and do noth-
ing to explain it. Thus, such models can be used
as a physical representation of creep in both con-
crete and coaJ, though the mechanism of creep in

the two cases is probably quite different. There
is still a lack of the basic fundamental data that
alone can provide a critical test of the various
theories that have been advanced to explain the
mechanism of creep. The data on creep in water-
stored concrete seem free from ambiguity but not
so for that of concrete stored in air. One reason
for the lack of progress has been the common
assumption that creep and shrinkage are independ-

ent and that values for the former can be deduced
by subtracting from the total deformations ob-
served the shrinkage measured contemporaneously
on unloaded specimens. This may well be a valid
approach for purposes of structural engineering
analysis, but not for the theory of the mechanism
of creep. If it is now accepted that creep and
shrinkage are interdependent phenomena the im-
plications for the kind of further experiment
needed are self-evident.

The more the quality of concrete can be con-
trolled the more disturbing become the unidenti-
fied causes of deterioration. As long as deteriora-
tion could be vaguely ascribed to poor concrete,
no further remedy than to make better concrete
seemed needed. The marked advances in knowl-
edge of alkali-aggregate reaction, of dimensional
change in aggregates, and of frost resistance, have
enabled not only failure from these causes to be
identified, but also the remedies prescribed. There
still remain arguments about the theory of these
actions but the general picture is clear. Though
diagnosis of causes of deterioration is not always
easy—map-cracking, for example, can arise either
from expansive reactions or aggregate shrinkage

—

there are reports from various countries of deterio-

ration believed to be due to unknown reactions
between cement and aggregate. It is evident
that we are still far from running out of problems.

In the papers to this Symposium attention is

directed mainly to the more basic aspects of the
subject, with the purpose of explaining observed
phenomena. This is the first step to the control
of events which is the object of technology, but
between explanation and control there is often a
gap to be bridged. If we look back at the matters
discussed at earlier S3miposia and consider later

developments in cement and concrete technology
we find many examples of the accomplishment of

this operation. We need have little doubt that
the new laiowledge being discussed here will be
recognised by the time of the next Symposium to

have formed the basis for new advances in practice.
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SESSION II. CHEMISTRY OF CLINKER
Paper II-l. Phase Equilibria and Constitution of Portland Cement

Clinker*

R. W. Nurse

Synopsis
A short section on new methods of research mentions high temperature microscopy,

high temperature X-ray diffraction, and X-ray absorption microspectroscopy as significant
advances in technique.

New and modified phase diagrams of interest to cement chemists are then reviewed.
The principal advances have been in the phase relations of the iron-containing solid solu-
tions and in alkali-containing systems. Some interesting problems remain to be solved even
in the well-studied binary and ternary systems. The effect of water and other volatile
components on phase relations requires more study.

Experimental studies on the clinker components themselves have given more data on
alite and /J-CoS. Studies of hydration and gain in strength show the importance of the
minor oxides in solid solution in the clinker minerals. Evidence is also reviewed showing
that the strength of cement may be affected by the size and shape of the crystalline com-
ponents in the clinker.

Among methods for the direct estimation of clinker constitution. X-ray diffractometry
is of most interest. The method is still under development but is already giving useful and
interesting results. The most significant finding is that the ferrite phase is much richer
in iron than would be expected from simple theory, and nevertheless exists in contact with
CsA.

In reviewing the present position the author draws attention to the frequent observa-
tion that the clinker has not reached equilibrium at the clinkering temperature and still

contains free CaO. The consequences of this have been discussed earlier by Swayze, with
the conclusion that liquids will be formed more saturated with CaO than predicted from the
equilibrium diagram. Such liquids can crystallise to form C3A and an iron-rich ferrite, in
agreement with the X-ray findings.

Finally some suggestions for further research are made, including an exchange of care-
fully selected clinker samples between national laboratories.

Resume
Un paragraphe rapide sur les nouvelles m^thodes de recherche mentionne I'important

progres d'ordre technique que constituent la microscopie a temperature ^lev^e, la diffraction

des rayons X a temperature eiev^e et la microspectroscopie de I'absorption des rayons X.
Des diagrammes de phase nouveaux et modifies, susceptibles d'int^resser les chimistes

du ciment, sont ensuite passes en revue. C'est dans les relations de phase des solutions
solides contenant du fer et des systemes contenant de I'alcali que les progres principaux ont
6t6 r6alis6s. Certains problemes int^ressants sont encore a r6soudre meme dans les systemes
binaires et ternaires, cependant bien etudife. L'effet de I'eau et d'autres composants volatils

sur les relations de phase n^cessite une 6tude plus pouss^e.
Des etudes exp^rimentales sur les composants memes du clinker ont fourni plus de

donn^es sur I'alite et 13-C2S.

Des etudes de I'hydration et de la resistance accrue montrent 1 'importance des oxydes
mineurs en solution solide dans les mineraux du clinker, figalement passes en revue sont
des temoignages qui montrent que la resistance du ciment peut etre affectee par la taille et
la forme des composants cristallins dans le clinker.

Parmi les methodes pour I'estimation directe de la constitution du clinker, la diffracto-
metrie des rayons X est des plus interessantes. La methode est encore k I'etude mais elle

donne deja des resultats utiles et interessants. La decouverte la plus importante est que
la phase ferrite est beaucoup plus riche en fer que ne le laissait attendre la simple theorie,

et n'en existe pas moins en contact avec C3A.
Passant en revue la situation presente, I'auteur attire 1 'attention sur I'observation

frequente que le clinker n'a pas atteint sa position d'equilibre a la temperature k laquelle il

se forme et contient encore du CaO h I'etat libre. Les consequences de ceci ont ete discutees
precedemment par Swayze, qui conclut que les liquides formes seront davantage satures de
CaO que le diagramme d'equilibre ne le predisait. De tels liquides peuvent se cristalliser

pour former C3A et un ferrite riche en fer, conformement aux decouvertes des rayons X.
Enfin sont faites des suggestions pour des recherches ulterieures, en particulier I'echange

entre laboratoires de differents pays d'echantillons de clinker soigneusement selectionnes.

Zusammenfassung
Die neuen Forschungsmethoden werden kurz besprochen, wie die Hochtemperaturmi-

kroskopie, die Hochtemperaturrontgenstrahlenbeugung und die Mikrospektroskopie der
Rontgenstrahlenabsorption, welche die bedeutsamsten Fortschritte der Technik darstellen.

Dann werden neue und modifizierte Phasendiagramme besprochen, die den Zement-
chemiker interessieren. Die groBten Fortschritte wurden hier fiir die Phasenbeziehungen
der eisenhaltigen festen Losungen und der alkalienenthaltenden Systeme erzielt. Sogar in

den binaren und ternaren Sytemen, die doch so griindlich studiert worden sind, sind immer

•Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from the Building Research Station, Depart-
ment of Scientific and Industrial Research, Watford, England. (This paper was presented at the Symposium by J. H. Welch.)
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noch einige interessante Probleme ungelost geblieben. Die Wirkung des Wassers und
anderer fliichtiger Komponenten auf die Phasenbeziehungen muB noch untersucht werden.

Die Experimentaluntersuchungen der Klinkerbestandteile haben neue Werte fiir Alit

und 18-C2S geliefert. Hydratationsstudien und Messungen der Festigkeitserhohung haben
die Bedeutung der Oxyde, die nur in kleinen Mengen vorkommen, in der festen Losung der
KHnkermineraKen bewiesen. Andere Untersuchungen werden auch besprochen, aus denen
es sich ergibt, daI5 die Zementfestigkeit durch die GroCe und die Gestalt der kristallinen
Bestandteile im Khnker beeinfluCt wird.

Von den Methoden zur direkten Bestimmung der Klinkerkonstitution ist die Messung
der Rontgenstrahlenbeugung die interessanteste. Die Methode ist noch in der Entwicklung
begriffen, hat aber dennoch schon ntitzliche und interessante Ergebnisse gezeitigt. Die
groCte Entdeckung war hier, daC die Ferritphase viel mehr Eisen enthalt, als man es der
einfachen Theorie gemafi erwarten wtirde, und dal5 sie in Beriihrung mit C3A nichtsdesto-
weniger existiert.

In der Besprechung der modernen Kenntnisse weist der Author darauf hin, daC der
Klinker sein Gleichgewicht Vjei seiner Brandtemperatur nicht erreicht hat, wie dalS ja so oft

beobachtet worden ist, dafi er immer noch freies CaO enthalt. Die Folgerungen, die man
daraus ziehen muC, sind schon friiher von Swayze besprochen worden, der namlich gefunden
hat, daC fliissige Phasen entstehen, die im Sattigungszustand mehr CaO enthalten, als vom
Zustandsdiagramm vorausgesagt wird. Solche Fliissigkeiten konnen unter der Bildung
des C3A und sines Ferrits, der sehr viel Eisen enthalt, kristallisieren, was durch die Rontgen-
bilder bestatigt wird.

Am Ende werden einige Vorschlage fiir zukiinftige Untersuchungen gemacht; es wird
unter anderem vorgeschlagen, dal3 verschiedenen Regierungslaboratorien sorgfaltig ausge-
wahlte Klinkerproben miteinander austauschen sollen.

Introduction
The purpose of this paper will be first to review

briefly those phase diagrams or modified phase
diagrams of interest in the field of portland cement
chemistry which have appeared since tne 1952
Symposium. Work on the clinker components
as such wiU then be discussed, and then direct

studies on clinker or cement. Finally an attempt
will be made to assess the present situation and
outlook with regard to the constitution of portland
cement.

Since the last Sjrmposium, Bogue's book [1]
'

has appeared in a new and revised form, and also a
new edition of Lea and Desch [2]. The existence

of these two authoritative works will considerably
lighten the present author's task. Structural
questions will only be dealt with in so far as they
have a direct bearing on the constitution of clinker.

A very brief reference will first be made to

methods and techniques.

Methods
The principal advance since Bogue's review of

1952 [3] is in the wider use of high temperature
microscopy. This method has not only proved to

be faster than conventional quenching, but also

more reliable. Only occasionally (in order to

gather more material for examination, or to avoid
too rapid volatilization) is it necessary to revert to

the quench method. Up to 1,800 °C. the thermo-
couple loop can be used, and by means of a plain
iridium loop observations can be made up to

2,200 °C. Temperatures are then measured by
optical pyrometry or estimated from the voltage
drop across the heater [4].

When the primary phase will grow as a single
crystal, it is sometimes possible to separate the
crystalline matter from residual liquid and to make
separate observations on each.

The same technique of holding the specimen in

a thermocouple loop forms the basis of a useful
and reliable method of high temperature powder
X-ray diffraction [5]. With 20/40 rhodium-plati-
num thermocouples a temperature of 1,850 °C
can be reached. The general utility of high
temperature X-ray methods has been discussed
by Tromel [6].

In many systems subsolidus reactions are of

importance. Frequently these present con-
siderable difficulty because of the very slow rate of

reaction. It is sometimes convenient to study
the equilibria at high pressures and in the presence

of water, extrapolating to NTP and 'dry' con-

ditions [7, 8]. McConnell has used a kinetic

method in which the dependence of rate of reac-

tion on temperature for both forward and reverse

reactions is used to find the transition tempera-
ture [9].

Roy [10] has described a convenient method of

preparing mixtures for study.

A new technique which holds out much promise

for application to the problem of clinker constitu-

tion is X-ray absorption microspectroscopy. This

enables an estimate to be made of the mass of an
element present in an element of a thin section from
1 to 10 M square; alternatively a microphotograph
can be taken of the surface in which the blackening

of the photographic image is proportional to the

amount of a given element present in the original

surface [11]. Such methods could be used to

find the composition of liquids and of the phases in

contact with them. Oxides in solid solution in

crystalline phases could also be determined.

Replicas of clinker surfaces have been studied

in the electron microscope [12, 13].

No outstanding advances have been reported in

conventional microscopy. It does, however, ap-

pear to the present author that the point counting

method developed by A. A. Glugolev has many
advantages over the intercept method still em-
ployed by many workers [14].

1 Figures in brackets indicate the literature references at the end of this

paper.
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Phase Equilibria

The Calcium Silicates

That part of the system CaO-SiOa of importance

to Portland cement has been revised by Welch and
Gutt [15]. Their diagram shows (fig. 1) that

C3S does not decompose at 1,900 °C as previously

thought, but melts incongruently at 2,070 °C,

forming CaO and hquid. It follows that C3S has

a small field in the binary system where it is stable

in contact with hquid (fig. 2).

The metastable inversions at 923 and 980 °C
(pure C3S) and 850° (ahte) found by Nurse and
Welch have been confirmed and further studied by
Yamaguchi, Ikegami, Shirasuka and Amano
[16]. It is of some importance that the significance

of these inversions should be established because
of current interest in the conditions of occurrence

of alite in various systems. If the original sug-

gestion of JefTery is correct, then the phase in

contact with liquid near the melting point will in

most systems be trigonal C3S or alite and a phase
field for triclinic C3S will probably only appear at

subliquidus temperatures. In studies on the

solubility of impurities in C3S it is important
therefore to state the temperature at which the

preparations have been processed. The solubility

of oxides in C3S and the stabilization of alite will

be further discussed later.

Welch and Gutt actually observed and recorded
photographically the incongruent melting of C3S,

and earlier workers had also doubted the original

conclusions of Shepherd and Rankin; it appears
therefore that ternary and higher order systems
involving CaO and Si02 require revision in the
higher temperature regions involving C3S.

Yannaquis [17] has thrown some doubt on the
lower decomposition point at 1,275 °C, stating

that only impure C3S is decomposed.
There have been no suggestions for revision of

the thermal relationships of C2S in the system
CaO-Si02 except for unconfirmed reports of a
cubic form at high temperatures [18] and a /3'

form at low temperatures [19].

The _Calcium Aluminates

The painstaking optical observations on the
system CaO-Al203 by Wright have been vindi-

cated by the isolation of single crystals of unstable
C5A3 enabling the parameters of the unit cell to

be measured [20]. From these measurements and
the determined density it would appear that the
unstable mineral is truly of C5A3 composition in

contrast to the stable form which is now agreed to

be C12A7. Nurse and Welch [21] find the melting
point of the latter can be as low as 1,391 °C; the
higher values which have been obtained by the
quenching method are explained by the amazingly
rapid growth of this compound during quenching
and by the effect of furnace atmosphere. Unless
special precautions are taken, the normal furnace
atmosphere contains enough water to be able to

2200

2100

2000

Figure 1. Portion of the system CaO-SiOa.

Figure 2. Photograph (xl70) of C3S crystals stable in

contact with melt in the system CaO-Si02 (Temperature
2,060 °C).

influence the melting curve. In drier atmospheres
the field of stability of C12A7 narrows, and although
it has not been observed to disappear it seems
likely that it may do so in the complete absence
of water. At 1,000 °C C12A7 can take up just over
1 percent of water. Further work is required to

relate this behaviour to the suggested structure.
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Neither unstable C5A3 nor C12A7 has been con-

firmed as occurring in portland cement, and they
will not be discussed further at present. Equi-
libria involving C12A7, must however, be con-

sidered as part of the cement quaternary system
and further study of the binary system CaO-Al203
is therefore essential.

The Ferrites and Aluminoferrites

While it can now be considered as established

without question that the browmillerite (ferrite)

phase of importance in portland cement is of vari-

able composition, there still remains some uncer-
tainty as to the range of this composition, and
more particularly as to the relationship between
bulk com.position, tem.perature and solid solution

composition.
The earliest paper describing the solid solution

was that of Toropov, Merkov, and Shishakov [22],

and this was followed very closely by that of

Yamauchi [23]. Only very recently, however,
has an attempt been made to establish enough tie

lines to enable a calculation of crystallization paths
to be made and this only for the pseudoternary
system CaO-CA-C2F [24]. This system, as de-
scribed by Newkirk and Thwaite is reproduced in

figure 3, and is based in part on earlier works by
Swayze, McMurdie, and Yam.auchi. Figure 3 is

a corrected version of the original, kindly provided
by F. Ordway.

The solid solution is shown as a shaded area
extending from, the C2F composition to point L.
The width of this area was estabhshed by means
of quantitative measurement on the X-ray spec-
trometer and may therefore possiblj- in part repre-
sent experimental error. Structural considera-
tions [25] suggest that the series should follow a
line joining C2F to a hypothetical C2A; such a line
on figure 3 would follow closely the high CaO
boundary of the shaded area.

Newkirk and Thwaite found C3A in a devitrified
C6A2F glass in agreement with the position of
CaA2F as shown in the diagram. At the Building
Research Station we have tried to decompose
C6A2F to give C3A but without success. On the
contrary, a partially reacted melt containing a
little C3A absorbed it completely on annealing at

1,200 to 1,250 °C. It therefore seems likely that
the solid solution line does run from. C2F towards
C2A.
Toropov and Boikova in a revision of the first

author's work [26] consider the solid solution to be
formed between C4AF and the orthorhombic
C5A3. However, in their conclusions these au-
thors revert to the conception of a structure in

the series C2F-C2A and round off their limiting

solid solution to CgAsF, containing only 17 percent
of Fe203 and not com.prised within the system
with C5A3.

CaOAIgOj

Tie Lines

Composition

Triongles

Calcium alumino-

ferrite solid

solutions

(aAF)

CaO eCaOFegOj

Figure 3. The pseudo-ternary system CaO-CjF, after

Newkirk and Thwaite.
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Compatibility triangles within the pseudosystem
CaO-CA-C2F according to Newkirk and Thwaite
are as follows

:

CaO+C3A+Fss(B)
C3A +C,2A7+Fss(L)
Ci2A7+CA+Fss(L)
CA+ Fss(B)+CF
CA+Fss(L-B)
C3A +Fss(L-B)
CaO+Fss(B-C2F)
0F+ Fss(B-C2F)

2 solid solutions (C3A+ Ci2A7)
2 solid solutions (C12A7+CA)

where Fss(B) and Fss(L) represent solid solutions

of compositions B and L in figm-e 3 respectively.

If the solid solution relations between C2F and
C2A do not involve quaternary equilibria, the

solid solutions L' and B' representing the composi-
tions in solid equilibrixmi with C3S, C2S, and C3A,
and CaO, C3S, and C3A, respectively, should co-

incide with L and B in figure 3. The evidence
provided by Swayze is that the solid solutions in

equilibrium at the quaternary invariant points as

shown by the lines 1 to 8 and 2 to 9 in figure 4 do
differ in composition from points L and B. For
an exact analysis of crystallization paths it will

therefore be necessary to know the location of a

sufficient number of tie lines within the tetra-

hedral volume. Some of these tie lines will un-
doubtedly terminate in solid solutions relatively

rich in C2F, even though the final products of

crystallization do not involve C2F-B solid solu-

tions. The Alkemade spaces inside the larger

system will be:

(1) CaO-C2F-B-C3S
(2) C2S-C2F-B-C3S
(3) CaO-C3A-B-C3S
(4) C2S-C3A-L-C3S
(5) C3S-C2S-L-B
(6) C3S-C3A-L-B

In this list L and B are used to represent the high
and low A/F solid solutions so that the relation-

ship to figiu-e 3 is clear; the actual compositions
may depart appreciably from those at points
L and B.
Leaving aside assemblages (1) and (2) which

are not true portland compositions, the composi-
tion of the ferrite phase is fixed for assemblages

(3) and (4) and has the A/F ratio of the clinker

for (5). Only in assemblage (6) is C3A found in

contact with a variable iron phase, and C2S is

then absent. As will be seen later, these condi-
tions are not those found in practice.

The accepted authority for the relation in the

bounding plane CaO-C2F-CA is Burdick [28].

A C3F compound does not appear in this system
as it has hitherto only been observed as a result

of solid state reaction. According to Burdese
and Gallo [29] it decomposes at 800° and it is

therefore unlikely that it will ever appear in the

presence of liquid even in systems higher than
quaternary. It may conceivably appear as a

product of devitrification of glass of high iron

content and in this case would be confused with
C3A in X-ray examinations (uo for C3A=16.2A,
for C3F=15.4A).

It will be noted that the series Fss(B)—C2F
cannot exist in equilibrium with C3A in completely
solid preparations. Compositions which solidify

containing C3A and CaO, and are therefore poten-
tially of interest as cement compositions, can,

however, yield solid solution richer in C2F than
point B at temperatures above that of point E
(1,389 °C). By interpolation of tie lines it can be
seen that the solid solution richest in C2F involved
in such crystallization paths would be just beyond
C6AF2. Under conditions of fau'l}^ rapid cooling

one would therefore expect to find in contact with
C3A a zoned solid solution extending from C6AF2
towards point B. Similarly in the triangle

C3A—B—L rapid cooling may result in zoning
from B towards L. These conclusions will not
necessarily be valid however for equilibria in the

presence of silicates.

The Basic Quaternary System

The most recent investigation of the quaternary
system CaO-C5A3-C2S-C2F remains that of

Swayze [27] (fig. 4). If we accept the revisions

of the bounding planes which have already been
discussed, Swayze's diagram requires amending
in respect of the high temperature and of the

C3S volum.e and to take account of Newkirk and
Thwaite's limitations to the ferrite solid solution

series. However it does not seem likely that the

fixing of the invariant points (1 and 2 in Swayze's
terminology, Ti and T2 of Lea and Parker) can be
very much in error, and these will probably lie as

they do at present, outside their corresponding
tetrahedra of compatibility, so that the iron com-
pounds formed at the invariant points will be
members of the solid solution series. Swayze
identifies them as having Al203/Fe203 ratios of

0.50 and 0.85 for invariant points (1) and (2)

respectively.

C9A,

CoO CjF

Figure 4. The C2S phase volume in system CaO-CjAa-
C2F-C2S {after Swayze).
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Systems With Magnesia

The system CaO-CsS-CsAs-CsF as modified by 5

percent of MgO has been explored by Swayze [27],

who showed that the compositions of the invariant

points move in the direction of higher A/F ratio

to such an extent that the plane through C3S,
C2S and the limiting iron phase solid solution

passes on the high Fe203 side of these points (in

contrast to the situation in the unmodified quater-
nary). Since the same uncertainty as to tie lines

remains in this case, all that need be noted at

present is that in the presence of MgO the iron

phase will be more likely to be of higher A/F
ratio and of fixed composition.
Some recent work in the ternary system

CaO-MgO-AlaOa by Welch [30] should be men-
tioned, since, although it is of more interest in
connection with high alumina cement, the new
compounds discovered do affect the triangulation

of the system. A ternary compound C3A2M has
been found with a very small phase field in the
system. It melts incongruently to form first

MgO, CA and liquid, and then MgO and liquid.

Invariant points are approximately as follows:

Equilibrium phases CaO AI2O3 MgO Temperature Type

CA, Ci,A7, C3A2M, liq

MgO, CjAv, CAoM, liq

MgO, CA, C3A2M, liq

44
44
43

51
50
51

5
6
6

°C
1344. 5
1346
1350. 5

Eutectic
Eutectic
Reaction point

Another new compound, C7A5M, is itself stable

only below the lowest solid us temperature in the

ternary system. It forms a series of solid solutions

with gehlenite within the quaternary CaO-MgO-
Al203-Si02; with increasing gehlenite content,
incongruent melting is first established, to be
followed by a range of congruent melcing extending
towards gehlenite. The "unstable C5A3" com-
pound of high alumina cement tentatively iden-
tified by Parker as C6A4MS [31] is almost certainly

associated with compositions in the C2AS-C7A5M
solid solution series.

The join from C2S towards merwinite, C3MS2,
has been studied by Gutt [33]. As merwinite is

added to C2S, the liquidus temperature falls

slowly; below the liquidus separate fields of

existence are found for a'-C2S and merwinite.
Liquidus temperatures in the system CaO-

MgO-Al203-Si02 have been studied by Osborn,
de Vries, Gee, and Kraner [34] and by Prince [35].

Phase equilibria, especially in the high alumina
part of the system, have been reviewed and ampli-
fied by de Vries and Osborn [36].

Alkali Systems

The systems CaO-Na20-Al203 and CaO-KjO-
Al203have been studied by Brownmiller and Bogue
[37] and Brownmiller [38] respectively. In the
high CaO portions of interest in cement chemistry
the systems differ in that no potassium compound
analogous to C8NA3 was found. The synthesis of

the potassium compound was however recently
reported by Suzukawa [39]. Whereas C8NA3 has
a smaller unit cell than C3A, CgKAs has a larger.

It seems possible that a small amount of Si02 is

necessary for the formation of CgKAs.
The same author has reinvestigated the com-

pound KC23S12 and confirms the view of the
present author that it is a'-C2S stabilized by K2O.

Thilo and Funk [40] have investigated the
effect of small amounts of sodium and potassium

on the stabilization of C2S. They find that even
the small amount of alkali absorbed from the

furnace atmosphere can markedly affect the

polvmorphism of this compound.
The systems K20-Al203-Si02 and Na20-Al203-

Si02 have recently been investigated by Schairer

and Bowen [41, 42].

In Eubank's study of the quinary system Na20-
CaO-Al203-Feo03-Sib2 the quinary invariant point

was located and found to be at 1,310 °C [43]. No
estimate of the composition of the iroi} phase in

equilibrium at this temperature was made. It was
thought that the addition of MgO to the system
would have lowered the temperature of first liquid

formation to about 1,275°.

Systems of Minor Components

Phosphate as a small amount of P2O5 is present

in the analysis of most portland cements, but in

recent years has become of greater interest because

of the exploitation of difficult limestone deposits,

or the desire to use various trade wastes as raw
material in cement manufacture. The effect of

phosphate in portland cement has recently been
reviewed by Steinour [44] who concluded that the

rules put forward by Nurse [45] are a sufficiently

accurate guide to practice. Nurse showed that

the major part of the-P205 is combined in solid

solution with the C2S, and that as a consequence

the amount of C3S is markedly reduced. Nurse,

Welch, and Gutt have since published the phase

diagram of the system C2S-C3P [46], showing a

series of solid solutions between a-C2S and a new
high temperature form of C3P isomorphous with

q:-C2S. At subliquidus temperatures two com-
pounds are formed, but are not likely to be met
with in cement compositions.

The system CaO-C2S-C3P has been further

studied by Gutt [33] who has explored the liquidus

surface covering the temperature range 1,640 to

2,150 °C and has estabUshed the primary crystal-
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lization fields of the phases present which include

C3S. The field of C3S extends to about 13 percent

P2O5. Work is continuing to determine the com-
patibihty triangles and suggests at the time of

writing that a small amount of C3P is soluble in

C3S.

In the system CaO-Al203-P205 a mixture of C3P
and C3A appears to decompose forming C4P, C3A,

and C5A3 [47]. The high lune portions of the

system were not explored by Stone, Egan, and
Lehr [48] but they do indicate their belief that

C3P and C3A can exist in equilibrium together.

Fluorides are occasional!}' found as impurities

in limestone. They may also be added deliberatel}'

as a flux or whitening agent or to off'set the dele-

terious effect of P2O5.

Eitel's original studies on the system.s CaO-CaF2-
2CaOSi02 and CaO-CaF2-5CaO-3Al203 showed
that in the former there was no field for C3S and

in the latter none for C3A. Later evidence how-
ever suggests that both C3S and C3A can exist in

the presence of small amounts of calcium, fluoride

[16]. The system CaO-CaFz-CaO-SiO- includes a

field for cuspidine, 3CaO-2Si02-CaF2. Cuspidine
decomposes at 1,450 °C into CaFa and 2CaO-Si02

[49]. Toropov, Volkonskii, and Sadkov [50] con-

firm that C3A is decomposed by 5 percent of

calcium, fluoride and show the san^.e effect with

5 percent of sodium or potassium fluoride. When
members of the ferrite solid solution series are

acted upon hy calcium fluoride, they decompose
into C12A7 and a ferrite near to 6CaO Al203-2Fe203

in composition [51].

In a study of the system of reciprocal salt pairs

SiF4-Si02-CaO-CaF2, the region of two liquids

formation was delineated; it does not reach to

probable cement compositions [52].

Experimental Studies on Individual Clinker Components
Alite

There have been several studies on the C3S

—

alite relationship, but none have yet been exten-

sive enough or sufficiently precisely controlled to

establish the phase field of alite in the cement
system. It can now be shown that at least one
reflection due to C3A appears in diffractometer

traces of both the single crystals of alite used by
Jeffery and the synthetic powder preparation
C54S16AM. It appears likely therefore that the
alite structure can be formed with a deficiency of

Al. Another possibility is that there is slow
unmixing of C3A at low or even room temperatures.
In early studies on alite the solubility of C3A in

C3S was given as 6 to 7 percent at 1,405 °C; Naito,
Ono, and liyama [53] report the maximum sub-
stitution of Mg and Al in the series (Cai_3._i,MgiAly)3

(Sii_3yAl3j,)05 to be x=0.025 and ?/=0.0075, but
do not state the variation with tem.peratiu'e ; and
Yamaguchi, Ikegami, Shu-asuka, and Amano give
details of alite containing either MgO or calcium
fluoride [16]. Alite containing CaF2 in solid solu-
tion has also been studied at the Building Research
Station, and small scale strength testing on the
product shows that the strength is greatly inferior

to that of pure C3S.
It is by no means obvious whether, in the work

done so far on the range of composition of ahte, a
sufficiently clear distinction has been drawn be-
tween lattice changes in the triclinic structure of

pure C3S brought about by solid solution and the
assumed transformation, triclinic C3S ^ mono-
clinic C3S (alite). No synthetic work at all has
been done on the further transformation mono-
clinic ^ trigonal. Existing methods of X-ray dif-

fraction at high temperatures would not discrim-
inate between the three suggested forms. Films
taken at 1,500 °C by Tromel for the present author
show no difference in structure as compared with
room temperature. Volkonskii [54] however re-

ports an inversion in pure C3S at 1,375°, giving
an a-CgS with o?-values at 2.94, 2.78, 2.32, 2.00,

and 1.47 A. Trojer also has distinguished two
forms of C3S in the microscopic examination of

clinker [55].

The practical significance of this question is of

course the question of reactivity towards water.
It appears possible that the reactivity may depend
more on the nature of the substances in solid

solution than on their effect on the crystal struc-

ture (which in any case is slight). There is some
evidence too of the part played by physical char-

acteristics. Jander [56] has stated that the reac-

tivity of C3S depends on (1) substances in solid

solution, (2) structural defects, (3) cracks and
irregularities of colloidal dimensions. Grzymek
[57] believes that small and elongated crystals of

alite can hydrate more rapidly, even if ground to

the same specific surface as larger and more equant
crystals. Both of these theories could account for

the frequent observation that the strength ob-

tained from a cement is not always a function of

its C3S content.

Dicalcium Silicate

Investigations on the polymorphism of C2S
have been very numerous, but most of them would
more appropriately be discussed under the head-
ing of "Structure." Metzger [58] has observed
small quantities of a'-C2S in cement, and it seems
probable that under unusual conditions of com-
position such as high K2O, or P2O5, combined with
quick cooling, larger quantities of a' will be formed.
Azelitskaya [59] finds that the strength is lowered
as a consequence.
There is still some confusion as to the hydrauHc

properties of the forms of C2S. At the Building
Research Station we find that 7 is almost inert, /3

hydrates at a rate depending on the kind of

stabilizer, a' gives very poor strength, and a is

nonhydraulic. In stabilizing a' and a, increasing,

quantities of 3CaO-P205 were used. Budnikov
and Azelitskaya [60] however declare that 7-C2S
has hydraulic properties.
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The evidence given by Nurse [61] to show that

the strength obtained from /3-C2S depends on the

nature of the stabilizer has been extended by
Kukolev and Melnik [62]. The same authors

show that a mixture of BaO, P2O5, and B2O3,

which gave the best result in experiments with
C2S alone, is also effective in increasing the

strength of a cement, provided the potential

composition is high in C2S [63].

Ferrite Phase

The ferrite phase has been studied by Midgley
[64, 65, 66]; Cirilli and Brisi [67, 68]; Santarelli,

Padilla and Bucchi [69] ; Fratini [70] ; and Fratini

and Turriziani [71]. Yamaguchi and Kato [72]

agree with Midgley that because of zoning effects

the X-ray reflections from the ferrite are not
always sharp. Sanada, Miyazawa, and Tazawa
[73] quote the solubihty of MgO in C4AF as 1.5

percent and in C2F less than 1.0 percent. Fratini

The Direct Determiii;

Microscopy

The results obtained up to 1948 by the direct

microscopic estimation of compound content have
been reviewed by Lea [2]. He concluded that in

general, measured C3S contents were higher than
as calculated from the Bogue formula, and those
for C2S were lower, especially for high A/F ratios.

The measured C3A and C4AF contents are lower.

Quick cooling tends to eliminate MgO; commercial
clinkers are in general cooled fast enough to be
intermediate between the quenched and fully

crystalline conditions.

Some of the more recent papers on microscopy
of cement clinker have drawn particular attention
to the inhomogeneity of clinker, caused by in-

sufficient grinding of the raw meal, by the taking
up of fuel ash, and by the blending of clinkers from
different periods of production or from different

kilns. Trojer [55] finds C3S to be lower than cal-

culated and C2S higher, and ascribes this to coarse-

ness of the raw m.eal. Schwarz [76] makes only
qualitative microscopic observations, but points
out the poor correlation between calculation and
observation, especially with regard to glass con-
tent. In a detailed study Alegre and Terrier [77]

finally conclude that for properly burnt clinker

the agreement between microscopic observation
of C3S, C2S, and interstitial ro.atter and the Bogue
calculation of C3S, C2S, and (C3A+C4AF) is very
good.

Broadly it may be stated that the conclusions
drawn by Lea are still valid. Many authors point
out the seriousness of discrepancies in estim.ates of

C3A, having regard to the importance of this con-
stituent in determining resistance to chemical
attack.

X-ray Diffraction

The apparatus and technique of X-ray diffrac-

tion have been developed considerably since the

uses a chemical method and Midgley magnetic
separation in order to concentrate the ferrite before
X-ray examination. According to Royak [74]
Na20 can enter into solid solution with C4AF.

Tricalcium Aluminate
Tricalcium aluminate has been observed zoned

by Trdjer [55]. As previously m.entioned, the two
alkali compounds, C8KA3 and CgNAs will be
recorded as C3A in X-ray examinations, as will

any C3F which may be formed. No estimate of

the kind of solid solution present in C3A can be
made from the rf-values of lines which are visible

in clinker X-ray diagrams. As will be shown later,

it is important in quantitative work to realize that
the spacings are slightly variable. MuUer-Hesse
and Schwiete [75] give the solubility of MgO in

C3A as 2.5 percent.

The only effects observed on heating C3A to

1,500°C in the high temperature X-ray camera
were caused by thermal expansion [54].

tion of Constitution

early studies of Brownmiller and Bogue. It is

universally agreed that for quantitative work
diffractometry is essential, but photographic
methods have also been greatly improved and at
least one recent quantitative study [78] has
employed photographic methods. Using an in-

terna] standard of NaCl and a Guinier type
camera and measuring intensities by means of a

photodensitometer, von Euw claims the following

standard errors: alite ±2 to 3 percent, C4AF ±1
to 1.5 percent, C3A ±0.5 percent, C2S ±6 to 9
percent. The author states that in general

results are obtained close to those calculated from
chemical analyses, but draws attention to the

discrepancy with regard to C3A. He does not
consider the complications introduced by the

variable composition of the ferrite phase.

H. G. Midgley [64, 65, 66] has used powder
methods to determine the composition of the

ferrite phase. He finds a range from about
C6A2F to C6AF2 with a median composition a

little higher in C2F than C4AF.
A chemical method was employed by Fratini

and Turriziani for separating the ferrite phase
from cement before X-ray examination using a

diffractometer. Although unwilling to draw firm

conclusions, they pointed out that although the

ratio of A/F in their cements varied from 0.98 to

2.90, the A/F ratio in the ferrite phase never

exceeded 1.0.

The most comprehensive study to date is that

of Copeland, Brunauer, Kantro, Schulz, and
Weise [79]. They employed a North American
Phillips Geiger counter diffractometer with Cu Ka
radiation, in an attempt to measure directly the

percentages of the phases present in portland

cement. Unfortunately they were forced in the

long nm to rely also on chemical data.

As an internal standard they used metallic

silicon or potassium bromide, intimately mixed
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with the cement or clinker sample by pulverization

in a vibratory ballmill. The difficulties they had
to overcome included:

(1) The existence of C3S in clinker as alite,

including in its composition some MgO
and AI2O3.

(2) The presence of stabilizers (concluded to be
principally MgO and AI2O3) in C2S.

(3) The overlapping of the most important lines

in the C3S and C2S patterns.

(4) The variable composition of the ferrite

phase.

(5) The partial overlapping of ferrite and C3A
lines.

These difficulties were dealt with by a method of

calibration using synthetic mixtures of alite and
18-C2S in one case and ferrite and C3A together with

alite and C2S in another. These mixtures were
made up from the oxides and burnt to equilibrium.

They were not mechanical mixtures of the indi-

vidual constituents. In order to separate over-

lapping peaks an empirical relationship was
deduced to correct for the error in C3A caused by
the ferrite peak. Before planimetering, the peaks
were separated by a geometrical construction

based on the symmetry of the C^A line at 2.71 A.
The composition of the ferrite phase was obtained
either directly from the (^-spacing of the 200
reflection as described by Midgley or by including

in their final calculations (which were done with
the aid of a computer) a determined relationship

between the A/(A-|-F) ratio of the ferrite phase
and the (/-value. An apparent discrepancy be-
tween Midgley's data and that of American
authors is caused by a drafting error on Midgley's
figure (1) (reference 65) in which the left-hand
ordinate should be lowered by one division (i.e.,

the 200 spacing for C4AF should read 2.64).

One method the American authors used for

computing the A/F ratio of the ferrite phase and
the absolute contents of ferrite and C3A in the
clinker was independent of a knowledge of the
chemical analysis of the clinker. A second method
for obtaining the same data however required a
knowledge of the Fe203 content. The alite and
C2S contents were computed by two methods, one
involving a knowledge of the CaO and the other
of the Si02 content of the original cement or
clinker.

Agreement between the different methods was
quite good in regard to the content of constituents;
there were rather larger discrepancies between the
two methods of estimating the A/F ratio of the
ferrite phase.

Comparing the results obtained by diffractom-
etry with the potential phase composition, Cope-
land, Brunauer, Kantro, Schulz, and Weise con-
clude that the median value for the molar ratio
of A/F in the ferrite phase is about 1.0 and that
therefore agreement with a calculation which
assumes the ferrite is C4AF should be good, pro-

vided complete crystallization has taken place.

In fact the average difference between the two
estimates of ferrite content was only 0.7 percent
and the maximum difference 2.2 percent. For
C3A the comparison was not considered satisfac-

tory, the determined value being lower than
calculated. In part this was ascribed to the
AI2O3 in solid solution in the silicates. For alite

the mean difference between the X-ray results

and calculation was negligible, although the aver-

age absolute difi'erence between the two sets was
3.6 percent. A similar average difference was
noted for C2S, but in this case the X-ray value
almost consistently exceeded the calculated value.

The authors also compare their results with earlier

microscopic examination of the same cements.
A Phillips counter diffractometer has also been

employed at the Building Research Station to

determine cement constitution. A fuller account
of this work will be given in a supplementary
paper [82]. Briefly, the experimental methods
employed give a somewhat better resolution of the

X-ray spectra than was obtained in the foregoing

investigation, permitting a much simpler approach
to the problem.

The radiation used was CuKa and the specimen
with its KBr internal standard was milled in a
vibratory rod mill to less than 5/x, as checked by
microscopic examination. The composition of the

ferrite phase was measured on an X-ray photo-
graph of the magnetic fraction, using the 202
spacing. A check was made on the position of

the 200 peak on the diffractometer trace. Stand-
ard calibration curves for the peaks used in

measurement were prepared from mechanical mix-
tures of alite (Jeffery's composition, found to

contain a small amount of excess C3A), /3-C2S

stabilized with B2O3, C3A and various ferrites.

Where peaks overlapped, either in the calibrat-

ing runs or in the trace from a cement, it was
generally possible to allow geometrically for the

error involved. The peaks were assumed to be
symmetrical and were drawn in, referring when
necessary to the nearest peak of the same size on
the calibration chart for the same constituent.

Alite was estimated directly from the peak at

about 29)^° 26 and ^-C2S from that at 31°.

An indirect estimate of these two components
was also available from the combined intensities

at 32)^° and 34^°. When the two independent
estimates of alite and C2S differed, the cause was
investigated and the error was usually found to

be due to the presence of calcium carbonate or

hydrated substances. An important difference

from the American method in estimating C3A was
that the 2.71 A peak of pure C3A was found to

wander over a range in various cements; the

smoothing of the peak was therefore done on the
trace as found and not around a hypothetical
2.71 A maximum.

Three runs were made on each cement using a

newly made specimen each time, and three

independent measurements of peak areas were
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made. As an illustration of the accuracy obtained,

the following standard deviations were obtained

on a typical cement; alite 60 ±4 percent, C2S 18 ±5
percent, C3A 11±1 percent, ferrite 6.5 ±2 percent.

Assessment of Results

Even the earliest workers in the field of portland

cement constitution arrived at a fairly accurate

assessment; namely that four mineral constituents

C3S, C2S, C3A, and C4AF, with possibly some glass,

constitute the major part of cement and that the

relative amounts of these govern such properties

as strength and durability. Since that time the

emphasis in research has been to try to replace

tedious and inaccurate microscopic examination
by sets of rules, deduced with the aid of the phase
rule, connecting constitution with bulk chemical
composition.
More recent work, some of which is summarized

in the foregoing sections, has tended to challenge

the basic assumptions on which this approach is

founded. In the first place it has been shown that

the four constituents enter into solid solutions,

not only between each other but also with the

minor constituents or impurities of the cement.
For the ferrite phase the range of composition is

considerable, and the relative success of the earlier

estimates of constitution must be explained by
the fact that the average composition turns out
to be very near to C4AF. Secondly, calculations

based on the phase rule must necessarily start

with the assumption that equilibrium is obtained
at clinkering temperature and maintained there-

after. This conception has been challenged for

some time and has led to modified versions of the

Bogue calculation such as those of Lea and Parker
or Dahl.
At the present stage improvements in micro-

scopic technique and the development of X-ray
diffractometry offer hope of more exact direct

determination of constitution. For control and
specification purposes, however, it will always be
desirable to avoid as far as possible determinations
requiring expensive apparatus and highly skilled

operators.

A further difficulty appears with the suggestion

that the properties which the various constituents

confer on the cement as a whole may vary with
the detailed nature of those constituents.

It seems that both C3S and C2S exist in definite

polymorphic forms in cement, but may be sta-

bilized by varying amounts of varying kinds of

impurity. There is good evidence that these

stabilizers affect the cementing power of C2S and
some evidence that this is the case with C3S also.

It has also been shown that crystal habit and size

may affect the reactivity of the anhydrous com-
ponents.
The regulation of the tricalcium aluminate

content of cement is now considered vital in

producing sulfate-resisting portland cement. For
specification purposes it is highly desirable that

Particularly for low A/F cements, the C3A
tended to be higher than as calculated from the

s

Bogue formula, the reverse of the results found
by the American workers.

and of Future Needs
I

the accuracy of predicting or determining C3A
content should be improved. Unfortunately the i

discrepancies between different methods of esti-
'

mation are greater for C3A than for other com-
ponents. The question of C3A is linked closely

|

with that of the ferrite phase, and this has led to ;

methods involving either (a) some arbitrary I'

assumption of a composition for the ferrite phase or (

(b) an independent determination of the ferrite
'

composition.
j

Using Midgley's method for obtaining the !

composition of the ferrite phase, the compound i

composition can be worked out using the same I

principles as for the Bogue method, but first

calculating all Fe203 as C2F. From the experi-

mentally determined ratio of C2F/C2A in the
ferrite phase the total quantity of ferrite can be *

found, and also the CaO and AI2O3 combined as

ferrite. The rest of the calculation then follows

Bogue. In this way estimates of C3A have been
obtained at the Building Research Station more
in agreement with the results of diffractometry 1

(table 1).
'

Table 1.

—

Data of H. G. Midgley comparing Bogue (B),

modified Bogue {M.B., see text) and diffractometer esti-

mates of C;jA and ferrite contents

Sample 540 539 AS AF A40

B. ( 0.9 0.7 15.4 2.5 9.9
C3A M.B. 3.4 3.0 13.6 2.3 13.3

Diff. t 4.

5

4.8 13.5 3.7 11.5

B. f 19.3 18.8 10.2 18.0 9.2

Ferrite M.B. { 17.

4

16.9 12.2 18.3 7.9

DifT. I 16.5 17.5 10.5 17.5 8.5

The list of phase assemblages previously given

shows that cements containing C3S and C2S
should either crystallize ferrite of the composition

at the invariant point or of the same A/F ratio as I

the clinker. While relatively few results have
yet been published, it is clear that in practice the

A/F ratio of the ferrite phase is not simply related

to the A/F ratio of the cement and that the dis-

tribution of A/F ratio is not that expected. (See

for instance the histogram given by Midgley

[65].)
^ . . .

This fact needs to be considered m conjunction i

with the observation that C3A is found in contact

with ferrites of A/F ratios lower than that of

CgAFs. Cirilli and Brisi [67, 68] with laboratory

clinkers found that C3A disappeared at A/F=1.0
when MgO was absent and at A/F=1.2 when
MgO was present. The evidence therefore seems

to point to lack of equilibrium as an explanation of

the facts. Astreeva [80] states that the composi-
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tion of the ferrite phase depends on rate of cooling,

a slowly cooled clinker having lower C3A because

more aluminate is dissoved in the aluminoferrite

phase.
Consideration of the cooling conditions brings

us to the question of glass. It is here that the

results of X-ray methods conflict most with the

older assumptions. Glass in quantity should be

detectable by X-ray methods either by the in-

crease of diffuse scattering in certain bands or by
low totals for the other constituents. On either

count, the indication is that the glass content

must be very low. Devitrified glass might well

give an X-ray pattern when optical examination

fails to resolve any structure. It is possible that

the heat content of such a finely crystalline mass
might be appreciably higher than that of material

in the fully crystalline condition and would give

anomalous values for glass determined by heat of

solution methods.
The independent crystallization of glass has of

course been considered earlier by Lea and Parker.

1 f the liquid from which the glass was formed were
in equilibrium with the solid phases, the iron

compound formed would however be in equilib-

rium with C12A7 and therefore of a high A/F
ratio.

It seems that more consideration needs to be

given to a suggestion of Swayze. He showed [27]

that the crystallization of liquids saturated with
regard to CaO would differ from that of liquids in

equilibrium with C3S and C2S. Saturation with
CaO could arise because of oversaturation of the

cement composition with regard to CaO, or

because there had been insufficient time for all

free CaO to be completely reacted. Swayze
showed that such liquids would crystallize to give

some C3A and an iron phase lower in A/F ratio

than C4AF. Such a theory seems to fit the facts

as yet available very closely.

This review has been written at a time when
X-ray diffractometry is only just being applied

to the problem of cement constitution. It offers

great possibilities but as yet results are scanty
and in some respects contradictory. It seems
clear however that greater attention must be paid
to the question of homogeneity and equilibrium
in clinker. The microscopic method necessarily
reveals these defects if enough samples are

examined, while the careful blending of specimen
and standardizing substance required in diffrac-

tometry conceals them. Hitherto we have thought
of lack of equilibrium in terms of the attainment

of equilibrium at the clinkering temperature and
departure therefrom during cooling. Swayze's
work and the results of X-ray determination of
the ferrite phase reveal the importance of the
fact that in most clinkers equilibrium has never
been attained.

I would like to conclude by offering for discus-
sion certain problems and methods of study.

(1) Obtaining more data on constitution and
the possible errors involved in computing it

It would be desirable to organize the exchange
between cooperating laboratories of one or two
carefully taken samples of clinker from each
country. The clinker should be sampled from
the kiln discharge so that no blending of clinker

representing differing kiln conditions takes place.

Each laboratory would examine the clinkers by
whatever methods they choose to employ and
circulate the results to the other laboratories.

(2) More research on minor components and
solid solutions

I have indicated in this paper how small amounts
of oxides such as P2O5, K2O, BaO, and fluorides

such as CaF2 can influence cement properties.

Many other minor constituents have not yet been
considered. Important among these are sulphur
as SO3 and sulphide, and FeO. The interaction

between SO3 and alkalies has been adequately
studied [81], but there is evidence that not only
does SO3 go into solid solution with the silicates,

but it strongly influences the solubility of other

groups at the same time. The method of X-ray
absorption microanalysis seems promising for work
of this kind.

(3) Experiments in the heat treatment of

clinker

If the explanation given for the unexpected
results on the C3A and ferrite content of clinker

is correct, then it should be possible by the

laboratory heat treatment of both real and syn-

thetic clinkers to bring about true equilibrium,

and a more "normal" distribution of the inter-

stitial phases.

These subjects are by no means academic ones.

As Swayze has already pointed out, many specifi-

cations contain restrictions on the A/F ratio which
are no longer realistic. The current demand for

cements of low C3A content makes consideration

of this question urgent. At the moment C3A is

regulated in specifications by the Bogue calcula-

tion. Can a better method be found? Let us

hope that these questions will find an answer by
the time of the next Sjonposium.
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Discussion

N. Yannaquis and A. Guinier

The following contribution is of interest in

connection witli the problem of the stability of

dicalcium silicate.

It was established [1]
' in 1955 that dicalcium

silicate prepared synthetically from products of

analytical purity may be obtained in its /3-modi-

fication without a trace of 7, and will be indefinitely

stable; the synthesis is accomplished by repeated
heating in the range of a stability (for example,
1,100 to 1,200 °C).

We have, on one hand, confirmed that the pure
/3-modification is not due to an excess of CaO in

the solid solution, because one obtains without
difficulty the 7-modification containing 0.5 percent
of this oxide; on the other hand, we established

that impurities such as Na20 and K2O, normally
present in the initial products, have no effect on
the /3-7 inversion [2, 3]. The study of powder
diagrams of the a', a, /3 and 7 forms, obtained at

temperatures at which these forms are stable,

carried out either on Geiger-Miiller counter dif-

fractometer recordings or through microphotom-
etry on photographic diffraction patterns, reveals

a decisive effect of the fineness of the crystalline

grains as a stability factor.

The a phase always becomes transformed dur-
ing coohng into the phase at 675 to 650 °C. If

the /3 grains are smaller than a certain critical size

of the order of (5/^)^, the probability that such a

grain contains a 7 nucleus is very slight; thus the

metastable phase can be preserved at ordinary
temperature. On the other hand, when the grains

are large (for example, X30/x)^), a nucleus of 7
is always present in the grain and grows as the
temperature decreases sufficiently below the point
of the a'-/3 inversion, producing a transformation
of the entire /3 grain into 7. Among the experi-

mental facts which confirm this interpretation,

the most outstanding is the following: two iden-

tical specimens of jS-dicalcium silicate are brought
to a temperature definitely above the point of the

a'-a inversion (about 1,460 °C), such as 1,550 °C;
one of these is quickly quenched while the other
is permitted to cool slowly to below the point of

this inversion, or 1,400 °C for example, before it

too is quenched in the same manner. In the first

case one obtains 90 percent /S-CoS; in the second
95 percent 7-C2S. In the first case the a crys-

tals, not having had time to grow, have yielded

the |8 modification consisting of small crystals

which have remained stable, while in the second
case the a crystals have had time to grow during
the oL-a' inversion, so that—in spite of quench-
ing—the |8-7 inversion is almost complete.
The nature of the stability of the j3 modification

can now be defined more precisely, thanks to the

results of a recent investigation based on the effect

1 Figures in brackets indicate the literature references at the end of this

paper.
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of pressure on the inversion. Pellets of /3-C2S

powder agglomerated into disks with a thickness of

2 mm were subjected to percussion (drop of a

mass corresponding to the energy of several tens

of kilogram-meters) or to crushing between the

platens of a hydraulic press operating with a maxi-
mum pressure of 10,000 kg/cm^. We have
observed that under these conditions it is possible

to produce a partial /3-7 inversion in the cold.

Percussion (shocks, blows), producing work
of about 40-kg-m on a pellet of uniform density,

results in a transformation at a low rate, which
can attain 30 percent if the percussion is repeated
several times. The proportion of /3 transformed
by crushing in a hydraulic press is an increasing

function, especially of the pressure, of the number
of cycles of pulverization-compression, and of the

fineness of the crystalline grains. It increases

very fast as a function of the duration of applied

load during the first 10 min and only slightly

beyond this time; it is independent of the rate

of pressure increase. In contrast, if the j3 powder
is subjected to hydrostatic pressure (in an oil-

filled compression chamber) which can even be
very high (9,600 kg/cm^), no transformation is

produced.
We have compared the effect of pressure on

silicates of different compositions.

In the case of pure silicate, for a given granulo-

metric range (of the order of 0.5 to 10 m) and
a given pressure, the maximum proportion of

transformed crystals increases with the number
of pressure applications, tending, however, towards
a limit of the order of 50 percent; this limit

decreases rapidly with the proportion of larger

grains greater than the critical volume defined

above, which is of the order of (5m)^; if the largest

grains remain above this figure, the proportion
transformed drops to 25 percent.

In the case of silicates containing additions,

the results permit us to define three types of

behavior:

(1) Transformation as if the addition had no

effect. This is the case of the oxides NaaO and
K2O at a concentration of 0.3 percent.

(2) No transformation. This is the case with
silicate synthesized with B2O3 (even only 0.5

percent), with natural silicate [4], and with belite

in clinker. These different products have a

crystalline lattice which is different from that

of pure )3-silicate or the silicates mentioned in the

preceding paragraph. The displacements of the

lines, measured on Debye-Scherrer diagrams are

very weak, but measurable. The lattice has a

monoclinic cell which is slightly different from
that of /3. It should be noted that the D.-S.

diagrams of jS-CsS + 0.5 percent B2O3 and of

larnite show the same modifications and that

that of belite is similar to the diagram of )3-C2S + 2

percent B2O3.

(3) Transformation in greater proportion than for

pure silicate. This is the effect of an addition

of 1 percent of P2O5 in the form of CaNaP04 [6].

The product obtained with this admixture, the

D.-S. diagram of which does not differ from that
of the pure sUicate, becomes transformed to the
extent of 85 percent.

Numerous examples are known of allotropic
transformations produced by compression of the
unstable phase. Thus Burns and Bredig [9]

have observed the transformation of calcite into
aragonite with prolonged grinding. In our case,

the 7 phase is less dense than the initial 0 phase.
An increase in pressure can not favor this trans-
formation, and this is exactly what we have
observed in our experiments with hydrostatic
pressure [10].

The transformation is actually produced by de-
jormation of the crystal under the influence of the
compression. The transition from the |3 to the
more stable phase is always thermodynamically
possible. But this transformation does not begin
unless nuclei are present; these nuclei are formed
during shearing of the crystal during the per-
cussion or the crushing of the crystal in a press.

The effectiveness of compression in producing
the transformation depends on a number of
factors. First among these is the size of the
powder grains. It is natural to think that the
fine grains will have more chance to resist the
pressure without shearing. Moreover, each nu-
cleus which is produced in a small isolated grain
can transform only this grain, thus only a very
small volume.
Our experiments also shed light on the effect of

so-called stabilizing admixtures. The only ad-
mixtures that have a stabilizing action are those
which modify the lattice of pure silicate. Alkaline
oxides that do not change the lattice have no
effect, and the oxide P2O5 even favors the 18-7

inversion. It seems that addition of phosphorus
has the effect of making the jS-crystals more
deformable, a fact which would explain the higher
proportion of transformed crystals. This idea i^

suggested by the observation that 7-crystals mixed
with /3-crystals before application of pressure, and
initially rather coarse, are cruslied and reduced
into very small crystals following application of

pressure. This does not happen with other sili-

cates. One could imagine that—on the con-
trary—silicates with modified lattices (as by
addition of B2O3, etc.) become less deformed,
decreasing the number of possible sites for the

nuclei, or that the formation of a nucleus is less

easy in a modified lattice than in a lattice of pure
silicate; indeed the two effects could be additive.

These different effects could be related to the

modifications in the redistribution of interionic

fields which are due to the introduction of anionic

groups more electronegative, (604)^", or less elec-

tronegative, (P04)^~, than (8104)*"; or groups of

different kinds such as (AlO^)^" and (Fe04)^",

associated with cations having a more highly

polarizing effect than Ca2+ or Mg2+. This is the

case of larnite, and possibly of belite in clinker [8].

The effect of B2O3 must also be due to the fact

that the (B04)^" groups, being less voluminous
but having a higher valence than (Si04)*~, cause
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formation of vacancies througli maintenance of

electric neutrality in the lattice by elimination of

Si*"*" ions, probably in the form of silica. At 0.5

percent B2O3 we would have a missing Si for 160

molecules of C2S, or for 40 unit cells of /3; the

existence of such vacancies is easier to accept than

the insertion of supplementary Ca atoms into as

compact a lattice as that of /S.

A mechanism based on the same principle, but
apparently more complex, could be responsible

for the behavior of larnite which contains AI2O3,

Fe203, and MgO [4]. Nevertheless, systematic

studies are needed to reveal the various effects of

cations and anions in variable concentrations.

Although industrial grinding is largely a per-

cussion process, it is not improbable that shearing

forces might be applied several times to a given

crystal and might provoke a limited transforma-

tion in insufficiently homogeneous clinkers con-

taining grains with an excess of silica or phos-

phorus.
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Discussion

A. J. Majumdar and Deane K. Smith

This discussion of Dr. Nurse's paper will be re-

stricted mainly to brief descriptions of our recent
work in the areas of polymorphism of dicalcium
silicate, stability or metastability of pentacalcium
trialuminate, and compositional variations in the
iron phase crystallizing in the quaternary' system
C2S—C3S—C3A—Fss. (Fss=calcimn aluminofer-
rite solid solution.)

Polymorphism in Dicalcium Silicate

The presently accepted picture of the thennal
transfonnations in the dicalcium silicate phase is

due to Bredig [1950] and w'as reviewed by Nurse in
the 1952 Symposium. An alternative interpreta-

tion of changes taking place when Ca2Si04 is heated
to and cooled from clinkering temperatures has
been put forth by Toropov et al. [1957]. Figure
1 shows both interpretations. They differ signifi-

cantly both in the sequence of appearance of phases
and in the temperatures of the phase changes. In
addition to suggesting a new phase, /3', Toropov
claims that the j3 phase has a stable field at

atmospheric pressure.
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Figure 1. Schematic free energy-temperature curves after
Nurse {1952) and constructed from Toropov's (1957)
data.

The dashed portions on the cooling curves indicate regions where the phase
is not the same as on heating.

In our recent paper (soon to be published in

the Journal of the American Ceramic Society) we
have neither confirmed the existence of Toropov's
j8' phase nor verified a stable field for the /3 modifi-
cation. Instead, our work indicates that Bredig's
diagram more nearly represents the true relations

in this one-component sj^stem. If our interpreta-
tion of the dependence of the ^-^y transformation
on the thermal history of the sample is correct,

the system is complicated by the presence of
heretofore unreported metastable (?) phases as
diagrammaticaUy shown in figure 2.
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Figure 2. Hypothetical schematic free energy-temperature
curves for the phases of Ca2Si04.

Solid lines indicate stable phases; dashed lines, metastable phases.
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We used samples of Ca2Si04 prepared by three

diflferent methods; the CaO:Si02 ratio was very
close to 2:1 in all samples. Some samples had
additives up to 0.1 wt percent representing com-
mon impurities in clinkers. High-temperature
powder diffractometry and differential thermal
analysis were the principal techniques used in the
investigation. The important results of this work
are as follows:

(1) A critical heating temperature of 1,420 ±10
°C was found which had a marked effect on the

/3^7 transformation on cooling. Samples cooled

from above this temperature "dusted" and con-

verted completely to the 7 form, whereas samples
cooled from below this temperature showed only
partial conversion of /S to the 7 form and no dust-

ing. Guinier and Yannaquis [1957, 1959] have
observed that samples cooled from 1,500 °C pro-

duced the pure 7 modification while samples
cooled from 1 ,100 °C produced a mixture of jS and 7
forms. They suggested that growth of larger

crystals at the higher temperatures resulted in an
increase in lattice strain energy on cooling, thus
promoting complete inversion to the room-tem-
perature stable 7 form. Our work indicates that,

although grain-size effects may be present, they
are minor for particles larger than 40n, and the

effect of thermal history on the completeness of

iS^7 inversion is much more complex.

The critical heating temperature of 1,420° coin-

cides with the a'-a inversion temperature. Ap-
parently if the a phase forms during the heating
of a CajSiOi sample, the room-temperature prod-
uct is all in the 7 form. The X-ray patterns of the

a' phase formed on cooling from a Ca2Si04 sample
below 1,420° show slight differences when com-
pared with the patterns of the a' phase formed on
heating. Although these differences may be due
to the shifting and growth of grains at the elevated
temperature, structural differences may be indi-

cated. The phase formed from a has been desig-

nated a'n in figure 2. Yamaguchi [1957] has
shown that the X-ray pattern of the /3 form can be
complet ely indexed only if the a axis is multiplied
by four and the c axis by three. Perhaps this

superlattice is reflected in a'n, although our high-
temperature X-ray patterns have not been sharp
enough to verify the hypothesis.

The /3h phase formed from a'H-Ca2Si04 like-

wise indicates some structural differences. If the

i^H^T transformation has a lower activation energy
barrier than the |8l-^7 inversion, the dependence
of this transformation on the a-a' transformation
can be explained.

(2) The sluggishness of the y-a' inversion on
heating does not appear to be due completely to

reaction rates. A range of over 100 °C has been
found where both forms appear to coexist. If a
sample starting as all 7 is heated to 725 °C, some
a' appears in the first 15 min, but a 20-hr heat
treatment does not promote continued conversion
to a' . Even at a temperature of 850 °C extended
heating does not increase the a': 7 ratio over that

formed in the first 15 min. These observations
are contrary to the effects expected if the sluggish-
ness of the transformation is due to slow reaction
rates.

The presence of two phases of the same compo-
sition over a range of temperatures violates the
phase rule unless the compositions shift slightly
from the single-phase compositions. No evidence
for a mixed-crystal phase in this region of coexist-
ence was found in the X-ray patterns. The pres-
ence of impurities, which did not stabilize the /S

form, did not affect the transformation in any
marked manner.

The "C5A3" Phase

We have attempted to establish the field of
stability for the "C5A3" compound reported by
Aruja [1957], but so far our experiments have not
yielded any positive evidence for the existence of

such a field. Five mixtures ranging in composition
from 100 percent C5A3 to 100 percent C12A7 were
prepared. The C5A3 and C12A7 starting mixes
were synthesized by coprecipitating calculated
amounts of A1(0H)3 and CaC03 from solutions,

followed by ignition at an elevated temperature.
Chemical analysis shows 51.53 percent AI2O3 and
48.47 percent CaO for the C12A7 preparation (theo-

retical—51.47 percent AI2O3, 48.53 percent CaO)
and 52.30 percent AI2O3 and 47.70 percent CaO for

the C5A3 preparation (theoretical—52.17 percent
AI2O3 and 47.83 percent CaO). Thus, the com-
positions of the mixtures correspond within experi-

mental error to the desired values and are distin-

guishable as two separate compositions. Both
X-ray and optical examination revealed the pres-

ence of a trace of CA in the C5A3 mixture whereas
the C12A7 was found to be homogenous.
The mixtures were placed in platinum capsules

which were then sealed and subsequently heated
above 1,500 °C in a furnace. It was assumed that
complete melting had taken place in all the sam-
ples at this temperature. The charges were then
cooled slowly at a rate of 50 °C per day to 1,000
°C whence they were quenched. X-ray and op-
tical examination of these quenched samples failed

to show the presence of the "C5A3" compound of

Aruja. Compositions other than C12A7 yielded

CA in addition to the cubic C12A7, the former being
more abundant in CgAs-rich mixtures. Therefore
it does not seem likely that "C5A3" and C12A7 are

compatible phases.

The experiments of Welch with the hot-wire
apparatus as reported by Aruja have been re-

cently repeated at the Fellowship Laboratory with
success. There is very little doubt that a phase
with the optical and X-ray diffraction charac-

teristics almost identical with those of "C5A3" can
be grown reproducibly following the procedures
described by Aruja [i957]. In our experiments
we have not yet succeeded in growing "C5A3"
alone. In all our runs other crystalline phases,

mainly CA and C12A7, were found to be present

in conjunction with "C5A3" and glass. In addi-
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tion we have not yet been able to grow this

orthorhombic phase from the C5A3 composition.

Thus, the phase relationships at or near the

liquidus temperature also cannot be successfully

explained on the basis of our present data.

The possibility that "orthorhombic C5A3" is

a high-temperature modification of C12A7 has
also been explored. Thermal analyses of C12A7

have not shown any evidence of change in heat
content of the sample below its melting point.

High-temperature powder diffraction has also

failed to indicate that any rapid polymorphic
inversion exists in Ci2A7 up to 1,375 °C. On
the other hand, "C5A3" has been grown from a

C12A7 melt. Thus the original assumption of

Kankin and Wright [1915] that "C5A3" is a
metastable phase seems to be supported by the

recent work.

The Fss Phase

The most recent work on the composition of

the Fss phase in quaternary equilibrium with
C2S, C3S, and C3A is due to Swaj-ze [1946]. By
directly estimating the proportions of the siliceous

phases in the equilibrium four-phase assemblage,
Swayze calculated the composition of the Fss
phase using a knowledge of the chemical composi-
tion of the mixture investigated. This method,
although theoretically valid, can yield only
approximate results for two reasons. First, the
accuracy of estimating the amount of a phase
by microscopic method in the system under
consideration is not too good. Second and more
significant, the three phases, C2S, C3S, and C3A,
are not "pure" compounds but rather contain
marked amounts of the other components in

solid solution.

When one speaks of the compatibUitj^ tetrahe-

dron as having C2S, C3S, C3A, and C4AF at the
apices, one assumes that the compositions of

the phases are stoichiometric. Actually the
true tetrahedron has its corners displaced a

significant amount from the hypothetical posi-

tions, and the question whether the invariant
point is inside or outside the true tetrahedron
requires not only locating the invariant point
but locating the true apices as well. On the
basis of their experimental data Lea and Parker
[1934], in their classic study, were still uncertain
about the location of the invariant point. It

remains doubtful even today whether one has
definitely established that the invariant point
lies outside the tetrahedron of compatibility as

stated by Nurse in the present SjTnposium paper.
As a matter of fact, this question cannot be
solved until precise data on the chemical composi-
tions of the compatible phases at the invariant
point are available; the presently accepted equa-
tions due to Dahl [1939] for calculating the
amounts of potential compounds have to be
modified in the light of the true compositions of

"impure" compounds that make up the corners

of the compatibility tetrahedron. The composi-
tion of the Fss phase at the invariant point can
be definitely established only when compositions
of the other phases coexisting with it are more
accurately known.
The exact nature of the invariant point is im-

portant in any discussion of the paths of crystalli-

zation of a mixture from above the invariant point
temperature. If the invariant point happens to

be a eutectic, the compositions of the final products
of crystallization below the invariant temperature
will be identical, at each temperature, for all

mixtures within the compatibility tetrahedron.
If equilibrium is maintained throughout the cool-

ing cycle, no phase would show zoning. In the
crystallization of the ternary Fss phase, we have
not detected any evidence of zoning, even in

deliberate attempts to develop zoned crj'stals by
rapid cooling from the melt. Zoning might occur
iu the quaternary system if the presence of silica

increases the viscosity of the melt and appreciably
affects the diffusion rates of the mobile ions.

Evidence of zoning in the Fss phase in actual
clinkers cannot be taken as positive proof for

zoning occurring in a true four-component sys-

tem. Aside from the presence of many minor im-
purities whose eft'ects are not well established, a
clinker rarely reaches equilibriun\ due to tempera-
ture inhomogeniety in the kiln and compositional
variations in the raw materials. These variations

may account for the range of reported compositions
for the Fss phase in clinkers.

If the invariant point is a peritectic, most mix-
tures having the proper bulk composition will

complete crystallization at the invariant point
under equilibrium conditions, and the final liquid

to crystallize would have the composition of the
invariant point. However, for some mixtures the
liquid will be used up before the peritectic point
is reached on cooling, and the Fss phase from such
mixtures might show zoning because it would be
different compositionally from the phase that
would crystallize at the invariant point. Thus, it

can be seen that the composition of the equilib-

rium Fss phase may depend on the nature of

the invariant relationship in the system.
In the Fellowship Laboratory we are attempting

to establish the unique compositions of the four

compatible phases at one temperature below the

liquidus. Seven quaternarv mixtures were equili-

brated at 1,275 ±5 °C for a"period of 72 hr. The
work is far from completion at this stage, but
careful X-rav diffractometry measurements by
interval counting at l/50th of a degree 2d indicate
that in each sample the Fss phase has interplaner
spacings almost identical to tliose of C4AF. This
identification agrees well with the observations
of Copeland and coworkers [1959]. It is not yet
established how much silica is dissolved in the
Fss phase, but apparently not enough is taken
into the structure to change the unit cell dimen-
sions appreciably.
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Discussion

N. Yannaquis and A. Guinier

The interpretation of Majumdar and Smith
rests entirely on the existence of two crystalhne

forms of a'-C2S. As the authors, in their contribu-

tion, did not specify their experimental evidence,

it is difficult to discuss their conclusions.

(1) We wish to make it known that we have
sought long and carefully to show the existence

of an abnormal form of the a' phase, and that we
have finally had to admit that all the differences

apparent in the diagrams obtained with the dif-

fractometer could be explained by a variable

granulometry of a single crystalline phase. The
difficulty in the diffractometer study of the phases
formed within the apparatus at high temperature
results from the inability to give to the specimen
the grain fineness indispensable for good registr3^

When the crystals are too large, it is known that
the individual diffraction spots are never all

aligned on the center of the line given by the fine

powder. If the number of spots registered by the

counter is small, the line observed may be dis-

placed. In addition, the measured intensities are

subject to fluctuations, considerable and not
always erratic, if there is a preferential orienta-

tion of gi'owth of the crystals. For this reason it is

not possible to establish the existence on the dia-

gram of an a' phase of slightly different structure.

We therefore believe that one must hold to the
hypothesis, pointed out as well by the authors

themselves, that the differences observed are due
to the form of the grains. The correlation found
between the aspect of the diagrams and the
production of the /3 or the y phase arises from the
fact that the two phenomena are influenced by
the same factor: the form of the grains of the a'

phase.

(2) It is not exactly correct that when the
silicate has been heated above the point of trans-
formation a'^a, the product obtained on cooling
is always the y phase. One can obtain the pure (8

phase if the silicate is quenched rather than slowly
cooled.

(3) It is possible to index all the lines of the ^
phase [1] on the basis of a monoclinic lattice very
close to that given by C. M. Midgley [2]. The
difference between the values of d, calculated and
observed, is at most a few thousandths of an
angstrom unit.
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Discussion
Myron A. Swayze

The following remarks are on two sections of

Dr. Nurse's excellent report: one concerning
the influence of other clinker minerals on the

composition of the series of aluininoferrite solid

solutions; the other some practical suggestions to

govern the, selection of clinker samples for use

by a group of laboratories in further studies of

clinker constitution.

The 1959 report by Newkirk and Thwaite [1]'

on the ternary system CaO—CA—C2F and the

1946 report by Swayze [2] on the system CaO

—

C5A3—C2F differ in some details that concern

the series of ferrite solid solutions. Where
Swayze pictured this series as a single straight

line running from C2F to C6A2F, the Newkirk-
Thwaite report considers the series to be a band
of compositions including the compounds C2F,

C6AF2, and C4AF, but on the low lime side of

CeA^F and running beyond it towards C12A7

to an assumed point L, in relative agreement
with previous reports by Yamauchi [3] and
Malquori and Cirilli [4]. This assumed end-

point composition was not tested by Newkirk and
Thwaite, nor is there any clear evidence that

previous authors made similar checks of their

assumed endpoints of their lines or bands. It

is therefore interesting to note that while Newkirk
and Thwaite found the composition C6A2F to

contain C3A in addition to the ferrite phase, Nurse

in his present paper finds it to be a homogeneous
compound.
The principal and serious difference between

these two reports on the ternary system is in

the location of the correct CaO—C3A—Fss
1 Figiires in brackets indicate the literature references at the end of this

paper.
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invariant point composition, and in the composi-
tion of the ferrite phase crystallizing at this

point. Swayze reported an A/F ratio of 0.50

for the ferrite phase at this point, while Newkirk
and Thwaite show an A/F ratio of 0.77. "While

to the operating cement chemist this difference

may seem academic, it becomes of practical

significance if the same alumina-iron oxide rela-

tions carry through into the more complex
sj'stems approaching commercial portland cement
compositions. The only evidence we have [2] is

that these conditions do prevail. Therefore this

present inconsistency in available data on com-
positions in the ternary system should be resolved

by a more careful and thorough study. Nurse's
present remarks to the effect that crystallization

of a ferrite phase with an A/F ratio of less than
0.64 in the presence of free CaO "seems to fit

the facts as yet available very closely" indicate

that such a restudy is badly needed. In this

connection I would recommend that mixtures
of raw materials be held down to a maximum
of 1.5 g ignited basis and that homogeneity of

the final mix preparations be checked thoroughly.
Also, more reliance should be placed on petro-

graphic and X-ray examinations of quenched
burns at critical temperatures on closely spaced
mixtures than on differential thermal analysis

readings, which can show similar responses for

several different compositions in small critical

areas. This is brought out clearly by Toropov,
in his paper on solid solutions of the clinker

minerals [5].

It is evident that presence of free CaO as a

primary phase in liquids of the ternary system
shrinks the length of the ferrite line or band down
to a range from 0.00 to 0.50 A/F ratios, or if pre-
ferred to the range from 0.00 to 0.77. It should
be equally evident that in such a case the band
of ferrite compositions will shrink to a line over
these A/F ranges, since the low limed portions of
the band should not be compatible with liquids

saturated with CaO. Similarly, in the CaO-
C5A3-C2F-C2S system, the full range of ferrite

compositions is impossible, since the principal in-

variant points are outside the phase volume in

which CgAjF is stable. The top hmit on A/F ratio

in this case appears to be about 0.85 when CaO
is absent. The presence of solid C3S in the cool-

ing liquids of this system should again reduce
the band of stable ferrite phases to a line, since
C3S is reduced to C2S during cooling by liquids

unsaturated with CaO. While the modification
of this quaternar}^ system with MgO shifts the
principal invariant points towards the CaO-CsAs
boundary far enough to make CeAjF crystalliza-
tion possible, it is still doubtful if a band of ferrite

phases can exist in the presence of solid C3S, or if

the line of ferrite phases can extend past the com-
position CeAaF any appreciable distance. The fur-
ther addition of alkali oxides to the system should
make such an extension possible, although the
band of ferrite phases would still be doubtful.

The other section in Nurse's report on which
practical comment should be made concerns the
selection of commercial clinker samples for tests

on constitution by an international group of

cooperating laboratories. Clinker composition
from interior to exterior can be affected materially
by contamination from coal ash on clinker sur-

faces which have come through the kiln in nodular
form. It is therefore suggested that selection of
these important samples should be limited to

kilns using oil or gas for fuel.

Another point on selection of clinker samples
is with regard to differences in the silica/(alumina
+ iron oxide) ratio that exist between large and small
chnkers from the same lot. Our research labora-
tory has been aware of this for some years, al-

though it has not been noted in the literature.

This segregation is evidently due to the very low
silica content of the clinker liquid and to differen-

tial rates of clinker cooling after leaving the burn-
ing zone of the kiln. Since small sized clinkers

lose their temperature more rapidly to the rela-

tively cool secondary combustion air on leaving
the kiln hot zone, their liquid content shrinks
during its crystallization and leaves solid C3S
crystals out in relief on the surface. This faster

cooling of small clinkers permits them to have a
blotting action on larger hot clinkers whose liquid

is still at the surface due to slower cooling. The
result is a reduction of the silica ratio in the fine

clinkers and an increase of it in coarse clinker,

due to this transfer of the low silica liquid. It

should therefore be advisable in sampling clinker

for this important research that all laboratories be
supplied with the same size of clinkers, preferably
in the intermediate range of diameters.
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Discussion

H.-G. Smolczyk

At the end of his excellent paper Dr. Nurse sug-

gests that some laboratories in different countries

should carry out X-ray investigations of the same
clinkers. I am xerj optimistic and should hke to

add to this broadminded proposal another further

suggestion to be put forward for consideration. In
this discussion I also want to address all those who
at the Symposium showed X-ray diagrams of any
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Figure 1. Two examples of different intensity distribution

(ID) in X-ray diagrams-

kind. (As done by the workers of the Portland
Cement Association, the Building Research Sta-

tion, and by H. E. Schwiete, G. Malquori, H. zur
Strassen, J. H. P. van Aardt, R. Turriziani, F. W.
Locher, Y. Suzukawa, N. A. Toropov, and my-
self.)

Many of those diagrams were in perfect accord-
ance with one another, others seemed to differ.

Much trouble could be saved and many a misun-
derstanding could be avoided if we could compare
qualitative X-ray diagrams or even rough sketches
or X-ray intensity tables of different laboratories

by a simple method and in a nearly quantitative
way. But to this very moment we have not found
a standardized reference system. The complicated
method using internal standards would not serve
this purpose, for it demands a different standard
or a different concentration of the standard for

every new case, and if for instance the complete
diagram of a partly hydrated clinker is to be de-
scribed, one single diagram with only one internal
standard would be of no help.

Now I simply want to describe how, for about
two years, we have tried to overcome this diffi-

culty. Beforehand I want to say that at our insti-

tute two X-ray diffractometers are continuously
busy producing diagrams of different minerals,
slags, pastes, mortars, and concretes. Every time
the X-ray tubes are changed or some repair is done.

some new adjustment must be performed. But
often we do not have the time to adjust both dif-

fractometers so that afterwards they will show
exactly the same intensities and the same intensity
distributions. Especially in the course of long-
time studies with fixed testing periods there has
been little time available, and our adjusting pro-
cedure has then been limited to the exact peak
position and to the maximum intensity of each of

the diffractometers. To be able to compare each
of the 6,000 diagrams already produced with all

the others, in spite of all the above mentioned im-
pediments, I have developed the following method:
Each peak height of a diagram is expressed as

percentage of an "Intensity Distribution 100,"
that has been fixed experimentally. This "ID
100," is measured anew and in accordance with
the entire diagram of an "External Standard" after

every change made on the diffractometer. After-
wards this "ID 100" is subject only to daily in-

vestigations of one single peak.
Figure 1 shows one normal (a) and one much

exaggerated (b) possibility for the "ID 100" and
also a way in which one and the same diagram
could possibly change. One can clearly see that
in spite of the different looking patterns the rela-

tive mtensities have maintained the same values.

For our purposes we have fixed as "External
Standard" the following peak heights of a-Al203:

h,: (102), (/=3.479 A, ES-Int.= 65.6

h2: (014), (/=2.552 A, ES-Int.= 100.0

h^: (116), o'= 1.601 A, ES-Int.= 83.9

This a-Al203 has some advantages that serve

this special purpose: It can be ground for hours
without any change of intensities. Its X-ray dia-

grams are absolutely reproducible. The inten-

sities are not too high. It is insoluble. It is

available everywhere. For clinker and quartz
analysis a-Al203 can also be used as an internal

standard.
The three peaks of the external standard are to

be seen in figure la. The peak /i,4 at 10° is of a

silicate used to fix the low-angle region of "ID
100." (For this special section of the diagram
another substance should be found to serve as

"Low-Angle External Standard.")
To obtain the "ID 100" of a certain X-ray dif-

fractometer with a certain adjustment, it is only

necessary to take an X-ray diagram showing these

4 lines, multiply their heights by and connect
"-1-4

these 4 points. Every diagram produced by this

diffractometer can be expressed in percentage of

this newly constructed "ID 100," and can easily

be compared with diagrams obtained for instance

a year earlier.

As long as the adjustment of the equipment has

not changed, i.e., as long as the shape of the new
"ID 100" has remained the same, for daily checking

it is only necessary to measure the height of one

peak out of the a-Al203 diagram. For this pur-

pose we measure the peak at 35° three times a day.
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If the chemical composition of the substance

that has been recorded in such a way is known, the

diagram can also be used for a quantitative deter-

mination by applying the well-known theoretical

equation

X=y—

x=the amount of the mineral in the compound;
/o=the intensity of 100 percent of the mineral; fix=
the mass absorption coefficient of the mineral; no=
the mass absorption coefficient of the entire com-
pound,
or better with the exact equation of Leroux, Len-
nox, and Kay [1]

h \Mi /

wherein the constant c has to be fixed experi-

mentally.
Now my opinion is this

:

I should appreciate very much if we could do
something similar on an international basis. That
is, if, after thorough consideration, we could come
to an agreement on an "International Standard"
with entirely fixed intensities as "ID 100," we
could express all our diffractometer diagrams in

percentage of this "ID 100," and we should be able

to compare all our intensities, no matter where
they came from.

I thank Dr. R. H. Bogue, Dr. S. Brunauer, Dr.
L. E. Copeland, and Dr. D. L. Kantro for valuable
discussions on this subject.
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Discussion

Levi S. Brown

It is said that superlatives have no place in

science, or that science has no place for superla-
tives. Exception surely should be taken with
respect to hot wire microscopy, referred to in this

paper, and to which this discussion is limited.

The merit of the exception can be best appreci-
ated by those experienced in investigations of

high-temperature phase equilibrium. To give
this some sort of quantitative expression, consider
the ternary diagram of the lime-alumina-silica
system. More than 15 years of intensive research
went into the building of this diagram. The
eventual comprehensive report notes that the
investigation comprised ".

. . some 7,000 heat
treatments . . .

." Realization that each one
takes up at least a half a day brings some concept
of the enormity of the accomplishment.

But then some concept of the enormous facility
that could be conferred by the hot wire microscope
is gained by realization that with it the same
investigation could have been carried out with
one-seventh to one-tenth of the 7,000 heat treat-
ments, and probably better. Each one could take
care of 7 to 10 quenches, at the same time directly
establishing critical or invariant temperatures,
with less time lost in assurance of equilibrium
conditions. These original investigators surely
would have looked upon this apparatus as
superlative.

Of course the hot wire microscope is not all-

sufficient in itself. From the very nature of the
application, close working distances and high
magnifications are proscribed. In the mapping
of a new system, detailed determination and
description of specific optical properties of new
compounds must be worked out by more orthodox
petrographic methods.
That however becomes a relatively slight

insufficiency in the realization that it only has to
be done once. That serves to point up further
the practical utility of the instrument in present
day industrial technology or control, in many and
varied high temperature processes, as in glass
naaking, and smelting operations. The capa-
bilities and facilities offered are great.

Discussion
Rustum Roy

Dr. Nurse in his paper mentioned very briefly

the new techniques which have been brought to
bear on some of the problems of the structure of
the individual clinker components. This discus-
sion reports some of our work with high-tempera-
ture diffractometry, hydrothermal catal3^sis, and
very high uniaxial pressures. In spite of the
application of these and other new tools the
understanding of the polymorphism of dicalcium
silicate still leaves much to be desired.

The /3^a' Transition. The relative ease of re-

versibility of this transition has been known from
differential-thermal-analysis data for a long time.
However, such data do not indicate much about
the actual sequence of reaction, nor of the extent
of conversion. In the high-temperature X-ray
study by D. Roy [1],^ a temperature of 670 °C
has been assigned to the inversion. In the up-
temperature direction 10 min at 680 °C is suf-

ficient to convert most of the /3 to a' and the
amount of a' increases normally with time. On
cooling, holding for even 2)^ hr at 640 °C fails to
convert the a to /? while 30 min at 610 °C yields

a larger percentage of /3. One may, therefore,

say that we obtain on our samples [1] a tempera-
ture of—^very roughly—675 °C in the up-di-

rection and 625 °C in the down-direction. Such
a "hysteresis" is quite analogous to the similar

anomaly in cristobalite studied by Hill and Roy
[2], in which case in the well-ordered phase the

Figures in brackets indicate the literature references at the end of this

paper.
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up-temperature conversion is at 268 °C and the

down-temperature one is at 225 °C. The rec-

onciliation of these anomahes with phase rule

necessitates some new hypotheses. Such a pro-

posal is discussed later. The y-^a' transition

was located by D. Koy [1] at 675 °C at 2,000 psi

(H2O) pressure and was extrapolated back by
calculation to 725 °C at atmospheric pressure.

All investigators are agreed that the starting

material determines the temperature at which
the reaction proceeds fast enough to be detected.

In the sample studied [1] the reaction runs rap-

idly only above 840 °C. While there is a tend-

ency for the 7- phase to persist even 100 °C above
the equilibrium temperature (as shown by high-

temperature X-rays), this persistence probably
does not require a special explanation. The
kinetics of a reconstructive silicate transforma-
tion with a large volume change cannot be ex-

pected to be very different at such low tempera-
tures. In the down-temperature direction, of

course, the reaction a'^y has never been carried

out, although one can cool the sample to nearly

500 °C for several hours before the alternative

transition to jS is accomplished.
The Transition. This is, of course—-ac-

cording to present general agreement—the only
really monotropic transition, since ^ is always
less stable than y in the temperature range of its

existence at atmospheric pressure. Calculations

by D. Roy [1] using available thermochemical
data (Gronow and Schwiete [3]) show that the
/3—^phase should be stable even at room tem-
perature (see fig. 1) at about 2,000 atm.

The common failure of pure /3—-CsS (i.e.,

omitting cases due to equilibrium stabilization b}^

solid solution) to invert to 7 may, in general, be
ascribed only to the sluggishness of a rather
complex reaction involving breaking nearly all

Ca—O bonds and some Si—O bonds at such low
temperatures (<<670 °C). Our data here reflect

the remarkable stability of /3—C2S (prepared
hydrothermally) since runs of 2 to 5 weeks near
400 °C failed to cause inversion to 7. Moreover,
the data on the stability of "large crystals" of
hydrothermally made |8-crystals do not agree with
those reported by Yannaquis and Guinier [4].

Crystals of the ^-phase which have an estimated
volume of 1000 appear to be quite stable—^in-

deed, they survive inversion better than the
smaller crystals. Furthermore, the phase made
dry by heating gels at temperatures between
1,475 and 1,300 °C all inverted to 7 with no change
in behavior at the a-^a' transition point.

The most recent of our data are those obtained
under very high pressures. Dachille and Roy [5]

have pointed out that, in many cases, so-called

"grinding" in very simple laboratory devices such
as mortars and pestles and Wig-L-Bug shakers
can cause the attainment of pressures of 15-20,000
bars. In a later study, by the introduction of a
simple apparatus which provided the means of

applying shearing stresses superimposable upon
quasi-hydrostatic pressures of up to 90,000 atm,
Dachille and Roy [6] were able to separate clearly

the effects of pressure alone, and the catalytic

effect of shearing stresses which exceeded the

strength of the material and caused fracture.



Applying this same "displacive shearing" appa-

ratus it is possible to convert 7 to /3 at room
temperature at 30,000 bars in 1 hr.^ D. Roy was
unable to convert 7 to j8 at 17,000 bars without the

shearing. Moreover, not only will a Wig-L-Bug
type mixer convert (3 partly to 7 (also described

by Yannaquis and Guinier with a "percussion"

of a different type) but it will also convert 7
partly to /?. The situation here is exactly analo-

gous to that described by White, Dachille and
Roy [7] for the PbO case which also has a negative

p-t slope. The pressure + catalysis of bond
breakage converts the 7 to /3, whereas the catalytic

effect alone in those grains which are not neces-

sarily at a high pressure causes them to invert

from /3 to the 7 phase which is more stable at low
pressures.

Discussion—NewHypotheses on Transitions. The
principle of parsimony demands restraint in the

creation of new hypotheses to explain apparent
anomalies. The apparent violation of the phase
rule in the Zr02 mono^Zr02 tet transition, due to

the coexistence of the two forms over a 150 °C
range (see, for example, Mumpton and Roy [8]),

and the high-low cristobalite transition [2] is so

well established experimentally by many different

workers that an explanation is necessary.

When a small volume element of the less dense
phase forms inside a crystal of the more dense
form, the larger element of the latter containing

it is, of course, also placed in compression. The
simplest hypothesis is to assume that the transi-

tion is suppressed in such cases due to a pure
pressure effect on the transition temperature. If

we disregard for the moment the anisotropy
inherent in the shape factor or that dependent on
the mutual crystallographic relationship, one can
easily see that the transition temperature of the
phase under compressive stress is now altered by
an amount determined by the Clapeyron relation-

ship. Since the and /S—>7 changes involve
large volume changes one can expect a substantial

change of inversion temperature with pressure. In
the latter case it has been calculated to be 350 °C
per 1,000 atm. And, since the strength of such
crystals is probably in the order of 10,000 atm the
effect of the pressure alone may be quite enough
to suppress the transition from proceeding further.

This type of effect can account for the abnormal
sluggishness of certain reactions and the apparent
coexistence of two phases of the same composition
over a temperatxn-e range, since the volume ele-

ment of the matrix surrounding the less dense
phase may be under sufficient pressure to actually
be stable till the matrix crystals fracture.

A great deal has been written on the influence

of "strain" in altering the mutual stability rela-

tions between two phases, while no clear cut
experiments are at hand to demonstrate that it is

strain and not "hydrostatic" pressure which is

effective. If it is implied, for example, in a one-

2 It is worth noting that there was some evidence for the dissociation of
Ca2Si04 into CaO—Si02 under these conditions. This would be quite
surprising.

component system that Phase B will invert to
Phase A at temperature T' , this situation can be
treated very simply by regarding the strained A
as another polymorph A* with different free

energy. On this basis hysteresis would be ex-
plained as being caused by the inversion, let us
say, of A^B on the up-cycle at T °C and on the
down-cycle of B-^A* at a necessarily lower tem-
perature, with subsequent change of A* to A.
Hence, there is no question of pressure or co-
existence of two phases, but Juerely the failure to

distinguish between A* and A. This explanation
may be applied to the high-low cristobalite case
and possibly to the fi^a case in Ca2Si04.

In the case of the a'—>7 transition the failure

to invert at all on cooling may be due to the pres-
sure stabilization of matrix a caused by pressure
due to formation of 7 within the a' . The slug-
gishness on heating has previously been ascribed
to the usual difficulty of reconstructive transitions,

but some apparent coexistence may be realized by
having some a' crystals forming within 7 crystals

and requiring a higher temperature for the trans-

formation of the resulting strained 7.

The |8^7 transition now appears to be qualita-
tively straightforward while anomalies may be
found when the curve under pressure is determined
quantitatively. While /3 is "very nearly" a stable
phase at atmospheric pressure, it requires only
quite low pressures (--2,000 bars) to stabilize it

even at room temperature. 7 can be converted
to /3 even at room temperature but expectedly
requires a bond breakage mechanism over and
above the requisite hydrostatic pressure (to move
7 into the /3 stability field). Likewise, the trans-

formation of (3—>7 at atmospheric pressures re-

quires mainly the formation of nuclei which can
be provided by shearing stresses which cause frac-
ture. It is as yet difficult to say whether or not
the total strain energy which can be stored in

such phases is sufficient to significantly alter the
activation energy for nucleation.

Research on phase transitions in this laboratory
is supported by a grant (G4648) from the National
Science Foundation.
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Discussion

H. Kramer and H. zur Strassen

Our recent investigations on the influence of
minor components on clinker composition showed
some surprising results. The influence of MgO
and Na2S04 is greater than that expected and
indicated by the phase diagrams.

70i
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'^O 50 60 %
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Figure 1. Comparison between C3S content calculated and
alite content measured by microscope.

i I

FiGUEE 2. Interstitial phase of clinkers burned with in-

creasing MgO content.

MgO influences the relation between all the
four components and C3S, and especially the iron
phase. Figure 1 shows a comparison between the
C3S content calculated according to Bogue (on the
abscissa) and the actual alite content (on the
ordinate) which has been measured by microscope
in polished sections (point coimting method).
The straight line would show the alite content if

the Bogue formula gave the correct result. It

may be seen that in clinkers without MgO the
values calculated and measured coincide approxi-
mately. For clinkers with 4 percent MgO the
average ahte content is about 14 percent higher
than calculated.

The X-ray diffraction patterns in figure 2 show
the interstitial phase of clinkers burned with
increasing MgO content. The silicates had been
destroyed by ammonium chloride. The relation

between the iron phase (c?~2.64) and the C3A
phase ((i~2.69) shows that the content of the
iron phase with growing MgO content increases,

whereas the C3A phase decreases. These findings

confirm both Swayze's melting diagrams and the
observations of Cirilli and Brisi [1],' to the effect

that the iron phase can take up more alumina in

presence than in absence of magnesia. If the
alumina content increases, the lattice dimensions
should shrink [2]. But according to our measure-
ments (table 1), based on the (200) reflection, the
contrary is found.

Table 1.

—

Spacings and intensities (I/sec) of C3A and iron
phase {according to figure 2)

MgO content: 0% 1% 2% 3%

d I d / d I d /
CsA.. _ 2. 6922 115 2. 6882 104 2. 6882 93 2. 6859 80
C4AF 2.6367 57 2. 6420 73 2. 6481 80 2. 6458 91

The increase in the alite content (fig. 1) is the
result of all the phenomena which cause a reduced
lime requirement of the clinker phase in the
presence of MgO: the smaller lime content of the
equilibrium melt as shown by the diagrams of

Hansen and Swayze; the reduced C3A content as

confirmed by these studies; the substitution of

CaO by MgO in the alite itself as shown by
Locher [3].

The influence of alkali oxides and alkali sulfates

is shown in figure 3. In these diagrams character-

istic lines of CaO and alite are marked. It may
be seen that the diagram of the clinker containing

KiS04 is very similar to that of the clinker without
any addition, showing that K2SO4 does not influ-

ence the distribution of the other components.
Very much in contrast to these diagrams is that

one with sodium sulfate and you can see that the

clinker has suffered a radical change. The alite

peak has disappeared whereas the peak of the free

lime has grown. This is similar to the effect ob-

tained by adding potassium oxide to the clinker.

' Figures in brackets indicate the literature references at the end of this

paper.
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FiGUBE 3. The influence of alkali oxides and alkali sulfates on the clinker
composition:

A—without addition
B-2% K2O
C—2% K2SO4
D—2% NajO
E—2% Na2S04

In order to corroborate this statement a photo-
graph of a pohshed section of this chnker is shown
in figure 4. There are grains of C2S with twin
stripes together with plain grains of free hme,
thus showing that in this case C2S and free hme
are stable without the formation of alite.

It is our opinion that the sodium sulfate is

taken up by C2S in solid solution, because the
ionic radius from sodium and calcium is nearly the
same and the Si04-group has nearly the same
space requirement as the S04-group. This solid

solution should prevent the formation of alite, in

the same way as KC23S12 does.

These findings show the important influence of
minor components on the phase equilibria of
clinker, and the difficulty of drawmg quantitative
conclusions in particular from X-ray diagrams.
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Discussion

Katharine Mather

Nurse [1] ^ has reported that at the Building
Research Station it liad been observed that "the
2.71-A peak of pure C3A was found to wander
over a range in various cements." The range was
not cited in the paper by Nurse or the supple-

mentary paper by Midgley, Rosaman, and
Fletcher [2.] Midgley et al., report that they
used the "2.699-A" peak to identify C3A. The
Index to the Powder Data File [3] shows 2.70 A
as the strongest line of pure C3A. With copper
radiation, the line falls at 33.14 deg 20.

In diffractometer charts made here of portland
cements and clinkers, the location of the intense

spacing of C3A has ranged from 33.10 deg 2d

(2.704 A) to 33.20 deg 26 (2.696 A), in charts

where the position of the alite spacing indexed
as (20-2) [4] fell in the range 29.90 to 30.04 deg
26 (2.986 to 2.972 A). The reproducibility of

this alite spacing from chart to chart was taken
as indication that the specimen surfaces were
flat and accurately positioned. It is difficult to

attach meaning to discussion of the change in po-
sition of spacings unless some criteria are provided
of the reproduction of flat specimens with their

front surfaces in the same plane.

Nurse, and Midgley and his collaborators, also

reported that the latter found C3A contents by
X-ray diffractometry in cements of low A/F ratio

that were higher than those calculated accordhig
to the Bogue formulas—the reverse of the situ-

ation reported by Copeland [5], Brunauer [6], and
their collaborators. The A/F ratios of the
cements in which Midgley and his collaborators

obtained these results were not rept^rted. The
finding is also the reverse of that reported by
Insley [7], by Ward [8], and by Brown [9] from
quantitative determinations of clinker composi-
tions by light microscopy.

It seems possible that both the reported wander-
ing of the location of the most intense C3A spacing,

and the reported finding of C3A contents above
those indicated by the Bogue calculations in

cements of low A/F ratio, may arise from the
presence of a constituent (or constituents) de-
tected here that gives rise to a spacing at slightly

lower dift'raction angle than the 2.70-A spacing of

C3A, a spacing which easily may be misbiter-
preted as C3A. The best evidence that this

spacing (or spacings) at slightly lower diffraction

angle (32.84 to 33.00 deg 26 with copper radiation)
is not tricalcium aluminate in a substituted form,
lies in the fact that cements whose dift'raction

charts show this peak do not produce calcium
sulfoaluminate in quantities to support this inter-

pretation when the cements are hydrated with
excess SO3. We have found this spacing in

cements meeting the requirements of type I and
type II of Federal Specification SS-C-192b; the

' Figures in brackets indicate the literature references at the end of this
paper.

spacing has been much more frequently foimd in

type II cements. We have not examined enough
cements of type III and type V to form an opinion
on how often this spacing occurs in X-ray diffrac-

tion charts of those types.

While we have several pieces of information
about this spacing, we have not made a coordi-
nated study of it. We first recognized it in a
review of data in which we plotted the spacings
of the most intense aluminoferrite peaks and
what we took to be the most intense C3A peak,
against the A/F ratio of the cement or clinker for

49 samples. The positions of the (20-2) alite

spacing and the combined silicate peaks at about
34.3 deg 26 with copper radiation were also plotted
against A/F ratio as controls of the planeness and
position of the specimen surface.

The means and standard deviations of each
kind of spacing in each range of A/F ratio were
also computed, and the following surprising
results for the "C3A" spacing emerged:

Mean Standard Number of
A/F by weight position deviation observations

of C3A

A
.3.10-2.40 2. 7010 0. 0030 11
2.40-1.70 2. 7018 . 0041 12
1.70-1.00 2. 7080 . 0083 17
<1.00 2. 7002 . 0042 4

It was reasonable to separate the group containing
17 values into two subgroups, one of 9 values
ranging from 2.696 to 2.704, with a mean of

2.7018 and standard deviation of 0.0030, and a
second of 8 values ranging from 2.707 to 2.725,
with a mean of 2.7150 and a standard deviation of

0.0075. A fifth value of 2.715 in the group with
A/F ratio below 1.00 was rejected. We then
interpreted these results as showing that the C3A
spacing was 2.700 ±0.004 A, and that the spacing
at approximately 2.715 A arose from some other
constituent. We later found that spacings at

2.707 to 2.712 can be resolved by manual scaling

into pairs of spacings at 2.700 and at 2.715 or

2.720 A respectively. We did not interpret the
2.715 ± as the second most intense peak of the
aluminoferrite, because of the intensity relations

in the charts.

Later, eight type II cements were examined [10]

on the diffractometer and also tested according
to the ASTM method of test for potential sulfate

resistance of portland cement [11]. In studying
the diffractometer charts C3A was regarded as

present when some or all of the following features

appeared: a spacing at 2.70 ±0.004 A; presence
of any of the less intense spacings of C3A that are

not interfered with in portland cement, especially

those of 4.24 and 4.08 A or at 1.558 A. By these

criteria, small amounts of C3A were found in five

of the cements. Four had a line that fell in two
instances at 2.72 A (32.90 deg 26) and in the others

at 2.725 A (32.84 deg 20).
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In the ASTM test for potential sulfate resistance

of Portland cement, the expansion of mortar bars,

containing added calcium sulfate to bring the
total SO3 content by weight of cement to 7.0

percent, is measured at various ages after water
storage of the bars. In this particular group of

tests, all of the cements appeared to be potentially

sulfate resistant, since the expansions were
essentially negligible at the usual end point, 28
days, were still small at one year, and were more
clearly related to the magnesia content of the
cements, as determined by X-ray diffraction or

chemical analysis, than to any other feature of

the cement composition. When the bars were
one year old the test was discontinued and one bar
from each set was examined. Only very minor
amounts of calcium sulfoaluminate could be found
in siny of the bars; the relative amounts did not
agree with the hypothesis that the 2.720 or2.725-A,
constituent was contributing to the production of

calcium sulfoaluminate ; therefore it was concluded
that the 2.720- or 2.725-A constituent was not a

substituted form of C3A. It appeared probable
that it was a modification of one of the calcium
silicates.

It is therefore suggested that the most definite

way of establishing whether the tricalcium alunii-

nate spacing wanders is, first, to establish reference

spacings in the diffraction patterns, by setting

tolerances for certain silicate spacings or by
adding a substance with precisely known spacings.

Second, if the tricalcium aluminate spacing then
apparently departs from the value for the pure
substance, some of the cement should be hydrated
with an excess of sulfate to determine whether the
amounts of calcium sulfoaluminate produced are

compatible with the amount that should be
produced if the wandering spacing arose from a

substituted tricalcium aluminate.
It is quite possible that more than one substance

may produce a spacing or spacings confusible

with that of C3A. Suzukawa [12] reports that C3A
containing either sodium or potassium can occur
in clinker under some circumstances; he agreed
with Greene and Bogue [13] that NCsAs had a
longer spacing of its most intense line than C3A.
Brownmiller and Bogue [14] on the other hand,
found a shorter spacing for NC8A3 than for C3A.
Potassium-substituted C2S or KC23S12, the sta-

bilized a' form of C2S, can exist in portland
cement [15]. The cements in which we have
found the spacing or spacings confusible with C3A
have generally been cements with more K2O than
NagO, but this is the case with most cements made
in the United States; they have not been the
cements of higher alkali content in the groups in

which we have found them.
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Closure

R. W. Nurse

In replying to the discussion it will be easier

to deal with specific subjects than to analyze
each contribution separately.

At the time of drafting my paper I had not
seen the recently published work of Yamaguchi
and Miyabe [1] ^ which identifies the reactions
at 920 and 970 °C m pure C3S and 830 °C in

alite, reactions which were discovered at the
Building Research Station and reported by
Jeffery at the 1952 Symposium. This work
shows quite clearly that preparations processed
at such temperatures as 1,500 °C will take up
impurities to an extent dictated by the solubility

in the trigonal phase; these solubility limits

cannot therefore give any quantitative information
on the unit cell contents of alite (the monoclinic
form). Since the transition temperature of C54S16-

AM was lower than that of pure C3S, MgO and
AI2O3 are presumably more soluble in the trigonal

1 Figures in bracliets indicate the literature references at the end of this
paper.

622829 O—i62 .1 35



form than in alite. Differences in heat treatment
can therefore readily account for the different

results obtained by the author and by Locher,
Kramer, and others. The practical importance
of pursuing this line of research is brought out
by Welch and Gutt.
The important contributions concerned with

effects of ash and reducing conditions and with
reaction velocities (Heilmann, Kondo, Longuet,
Suzukawa, Woermann) raise the question of the
low temperature decomposition of C3S. This
reaction is normally very sluggish, but it is

suggested that various impurities will catalyze

the reaction until it becomes a serious problem
to the cement chemist. This may well be so,

and the possibility was considered by many of

the earlier authors who studied the problem.
I wish however to draw attention to the fact

that secondary free lime can form from the decom-
position of C3S by other processes. In the first

place, where the impurity oxide has more than
one possible valency, the metal may change
from an anionic to a cationic role and so displace

a certain amount of CaO. In the second place,

if the impurity forms a high temperature solid

solution with C2S, as so many do, then the phase
assemblage CsS-CaO-CaS solid solution may be-

come stable. If rates of reaction were fast

enough all the free lime would be present as

primary crystals, but in many cases long pro-
cessing at high temperature is necessary to form
the solid solution ; in such mixes the C3S forms
first and later decomposes, giving secondary
free CaO. Thus many inipurities such as barium
and strontium silicates (Toropov) sodium sulphate
(Kramer and zur Strassen) will behave in a

manner analogous to that of P2O5 as described
in the studies of the present author and his

colleagues. FeO, as Woermann shows, decom-
poses CS, and this must in part be caused by
the fact that fayalite goes into solid solution

with C2S as established by Bowen, Schairer, and
Posnjak [2].

The discussion on C2S shows that we still are
not able to control all the variables affecting

the transformations of this phase. Thus Yanna-
quis finds that alkalies do not stabilize the l3-y

inversion, but many other workers disagree; he
very correctly draws attention to the importance
of nucleation and crystal size.

Majumdar and Smith point out the range of

coexistence of 7 and a' and suggest that this im-
plies a differing chemical composition for the two
phases. I think this is an additional reason to

suspect solid solution with CaO necessarily present
as one of the reactants from which the C2S is

formed. For instance de Keyser's reaction (Sym-
posium 1952) at 900 °C could be interpreted as

exsolution of CaO from part of the 7-C2S with a
corresponding rise in the y-a' inversion tempera-
ture. This is confirmed by his observation of

increased free CaO in the X-ray pattern. Ma-
terial prepared hydrotherm ally or by dehydration
will tend to contain free CaO because the lime/

silica ratio in any hydrate formed is likely to be
less than 2.0. As with alite, we nwst be careful to

determine the solubility of impurities by heat
treatment within the range of stability of the
polymorph under study. The enlargement of the
^-C2S unit cell suggested by Majumdar and Smith
is confirmed by work in progress at Cambridge [3]

and this suggests that the anomalous X-ray pat-
terns for i8-C2S recorded by Toropov and also by
Majumdar and Smith may arise from ordering
reactions taking place during cooling.

I was very glad to read the contribution from
R. Roy, since it repeats and confirms so many
observations in my paper on C2S, presented to the
1952 Symposium. The temperatures given at
that time are all somewhat higher than those of
Roy ; this may be due to the kinetic nature of the
DTA results, but may also be caused by the
difficulty of maintaining a known and uniform
temperature in a diffractometer specimen. Roy's
figure confirms part of my figure 6, but he is able
to put a calculated scale on the ordinates ; his first

hypothesis of the effect of pressure on the C2S
inversions is also described in my 1952 paper
(pp. 67-8). The second part of his hypothesis is

very interesting and it may be that the small and
as yet unexplained breaks found in some DTA
curves of C2S can be attributed to "strained"
phases, or what is almost the same thing, order-
disorder changes.
Most of the hysteresis in phase changes can,

I am sure, be explained by nucleation theory.
The aluminates C12A7 and C5A3 have been men-

tioned by Suzukawa and by Majumdar and Smith.
I would like to reaffirm the importance of atmos-
pheric water in experiments on these compounds.
At the Building Research Station we have been
trying to finalize the phase diagram for CaO-Al203
over the last 10 years or so. It was not until we
recognized that the ternary behavior of this system
was caused by atmospheric water that some con-
sistency was obtained. Even now, we do not feel

able to publish all the results, but since they con-
plement some data given later in this volume by
Roy (paper III-S9) some details observed by
Welch will be given.

C12A7 prepared by crystallization in bulk from
the liquid on cooling from 1,450 °C in air was found
to have the following properties: density 2.68;

refractive index 1.61 (Na light). During subse-
quent reheating in air of the pulverized material a

gradual gain in weight took place which reached
a maximum of about 1.3 percent at 1000 °C. This
reheated material was then cooled quickly and on
further examination by microscopy and X-ray
diffraction was found to have an increased re-

fractive index of 1.62 and reduction of the unit cell

volume amounting to 0.3 percent; the density had
also increased to 2.73. It was shown conclu-

sively that water had been taken into the struc-

ture, by reheating this material in a dry oxygen-
free nitrogen atmosphere. In these circumstances
a sample heated to 1,450 °C lost 1.33 percent in

weight, of which 1.20 percent was recovered by
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absorption in Mg(C104)2. The sample was main-
tained in tlie same atmosphere during cooling and
crystallized essentially as orthorhombic C5A3.

The presence of water vapor in the atmosphere in

which C12A7 is heated has a marked effect on the

melting point. In moist air the C12A7 liquidus tem-

peratm-e is at 1,391.5 °C whereas in dry argon

C12A7 melts incongruently to CA + liquid at 1,374

°C. Since C5A3 melts incongruentl}' at 1,361 °C
in air and at 1,352° in dry argon it must neces-

sarily be regarded as a phase which is metastable

with respect to C12A7 at temperatures close to its

melting point.

The question of the ferrite phase is so closely

linked with the general question of cement con-

stitution that I will deal with both together. It

follows from the published work of Swayze, New-
kirk, and Thwaite that the quaternary cement
system must be subdivided into the phase as-

semblages I have listed in my main paper. Some
important conclusions follow. For instance a

cement may be formulated for high sulfate re-

sistance, with a low A/F ratio. If the lime

saturation factor is not too high, it will fall

within the assembly C3S-C2S-ferrite solid solution

and contain no C3A; a rise in the L.S.F. can

however throw the composition into the assembly
CsS-CsA-ferrite solid solution,^ when the sulfate

resistance will presumably be lessened. In order

to judge adequately the importance of such

calculations we need to know with confidence

the values of the limiting ferrite solid solutions.

Kramer and zur Strassen in their contribution

reaffirm the opinion of earlier workers that these

compositions will be altered by the presence of

minor components. It is to be hoped that it can

be shown that the compositions will be essentially

constant for all normal portland clinkers, but
they must be determined on clinker, as well as of

course for various pure oxide systems. The
experimental approach outlined by Majumdar
and Smith seems very promising for this study.

The ferrite system is so difficult experimentally

that it should be attacked by all the methods
available. I agree with Toropov and Swayze
that the microscopic method should not be
neglected, but the results should be checked
and compared with X-ray determinations. On
the theoretical side it seems unnecessarily re-

strictive to insist on stoichiometric end members
for the series; if Toropov is correct in saying

2 This had previously been suggested by H. H. Steinour in unpublished
correspondence with L. Dahl and F. Ordway.

there is a series from C2F towards C5A3 as well

as "C2A", then there are ternary solutions which
cannot comply with the structural formula.
Single crystal X-ray work would throw some
light on this.

It is difficult to believe that the assemblage
CsS-CsA-ferrite solid solution occurs in real

clinker, since it implies the disappearance of

C2S in favor of C3A, and it is very rare not to

find C2S in a clinker. However, most clinker

contains free CaO, and potentially therefore, if

equilibrium were achieved, the C2S could dis-

appear. The basic question is the composition
of the liquid at clinkering point; will this cor-

respond to an invariant point with CaO and C3S
or C3S and C2S? Provided none of the phases are

"protected" as described by Swayze, I would
suggest that the composition of the liquid will

be determmed by the ratios of anions and cations

and will not be materially affected by the fact

that full combination between CaO and Si02

has not yet been reached for the solid matter.

If this is so, in clinker where uncombined CaO
is still present, the assembly CsS-CaA-ferrite
will be replaced by CaO-C2S-C3S-C3A-ferrite,
which is frequently observed.

Smce the conclusion from our discussion can
only be that much more remains to be done,

it would be appropriate to conclude by discussing

techniques. However, the method of X-ray
diffractometry has been thoroughly discussed at

many points m the program, so that I will only
thank those experts who have contributed to

this question. The standardizing procedure sug-

gested by Smolczyk seems attractive. I would
also agree with Mrs. Mather concerning the need
to look for substances interfering with C3A. I

have found m certain clinkers substantial quanti-

ties of a'-C2S, and in such cases the C3A peak at

32.9° 26 is confused. I am glad to say that the

suggestion to exchange standard clinker samples
has been well received and we may all hope that

the studies of the next few years will solve many
of our problems.
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Paper II-2. Crystal Structures of Clinker Constituents

Fred Ordway

Synopsis

The concepts of a phase, a compound, and a solid solution, based on the mathematical
abstraction of a continuum bounded by discontinuities of infinitesimal width, are discussed
in relation to the known characteristics of the structures of real solids. Present Icnowledge
of the structures of clinker constituents, as revealed by the literature, is outlined.

Resume

Les concepts de phase, compost, et de solution solide, bas6s sur I'abstraction math^-
matique d'un continu limite par des discontinuity de largeur infinitesimale, sont discut^s par
rapport aux caracteristiques connues des structures de solides v^ritables. La connaissance
actueUe des structures des constituants du clinker, telle que la r6vele la litt6rature, est

brievement expos6e.

Zusammenfassung

Die Begriffe einer Phase, einer Verbindung und einer festen Losung, wie sie durch die

mathematische Abstrahierung eines Kontinuums, welches durch Diskontinuitaten unendlicher
kleiner Weite begrenzt wird, hervorgebracht werden, werden in ihren Beziehungen zu den
bekannten Merkmalen der Strukturen wahrer fester Korper besprochen. Die heutige
Kenntnis der Strukturen der Klinkerbestandteile, wie man sie in der modernen Literatur
findet, wird klargestellt.

Introduction

In the study of matter, its structure and its

behavior are inseparable. Dr. Nurse probably
found it difficult to exclude structural considera-
tions from his paper on phase equilibria and clinker

constitution, and the availability of his paper was
almost a prerequisite to avoid duplication in pre-

paring this one. Rather than ignore this close

relationship, we should emphasize it. Accord-

ingly, I take the liberty of repeating fundamentals

well known to the student of phase equilibria, and

others well known to the structural chemist, in

order to depict a fundamental philosophy accom-

modating both.

Fundamental Concepts

The phase equilibria of the clinker constituents,

their formulas, and their structures are all merely
different aspects of the same phenomenon. We
might describe this phenomenon from the view-
point of statistical thermodynamics as the equilib-

rium behavior of a system of atoms of O, Ca, Si,

Al, Fe, Mg, K, Na, etc., in a given range of temper-
atures, of compositions, and perhaps of pressures.

The complete theory would contain both the
chemistry of cement clinker, as embodied in the
equilibria between phases, and the structures of all

the phases. We cannot actually derive the phase
equilibrium relations from fundamentals, but our
observations of them must be interpreted in the
hght of theoretical concepts. To discuss the rela-

tion between our concepts of phase equilibria and
structure we begin with the former.

Determinacy

The basic premise of a thermodynamic discus-

sion is the assumption that any system to be dis-

cussed can have but one equilibrium state under

•Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C. Contribution from the Portland Cement Association Fellow-
ship, National Bureau of Standards, Washington, D.C.

any specified conditions. Whether this state is a

result of inherent determination in all of nature, or

of averaging the somewhat uncertain individual

behaviors of very many atoms, is not initially im-
portant; modern statistical theories and the classi-

cal ideas of earlier days both justify the expectation

of highly precise determinacy in macroscopic
samples under most conditions.

The single "true" equilibrium is thought of as

a state to which the system eventually returns,

after any change in conditions, when restored to

the original conditions. The equilibrium is called

metastable if certain changes, such as high tem-
perature or pressure, make accessible a new equi-

librium state which the system assumes prefer-

entially. The identification of any equilibrium

as "true" rather than metastable must be regarded

as provisional, limited by convenience and by the

range of experimental conditions that has been
explored at the time. We often discuss "true"
equilibrium states in chemistry which, from the

viewpoint of nuclear physics, are clearly

nietastable.

In the present discussion, we take equilibrium

states to be definable in practice by allowing ade-

quate time or choosing an appropriate sequence
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of conditions, so that confusion with possible

metastable states is obviated. We assume in

principle that every sample of specified composi-
tion, temperature, and pressure will attain in finite

time a state that differs by less than experimental
error from a true equilibrium, and that this true

equilibrium depends only on the specified condi-

tions, not on previous temperature, pressure, or

compositions of materials from which the sample
was synthesized.

Continuity and Discontinuity

The entire thennodynamic theory of phase
equilibria is based on the fundamental assumption
that we can distinguish between continuity and
discontinuity in the intensive scalar properties

(those properties independent of the quantity of

material and the spatial orientation) of a sample
of matter at equilibrium. The distinction is

applied in two ways—^firstly to the variations in

properties with position within the sample, and
secondly to the variations in properties with
changing composition, temperature, or pressure.

Continuity With Position

We may examine a sample of matter by various

experimental methods. Any such examination
is basically a comparison of a property of the sam-
ple, or part of it, with the same property of another
sample, or another part of the same sample. If

the comparison is made with a standard that is

related to some accepted units of measurement,
and it yields a quantitative result, we say that

property of the sample has been measured rather

than merely compared. Intensive scalar proper-

ties are, of course, the only significant ones because
we may take a sample of any desired size, within
the limits of the experimental technique, and the

comparison of properties must be independent of

orientation.

From the given sample at equilibrium, we may
select small portions of matter at various positions

and examine these separately. Such examina-
tions, in principle, form the basis for all statements
as to the continuity or discontinuity of properties.

Thus, any such statement must always represent

definite limitations in the variety of properties

compared, the sensitivity of comparisons, the

smallness of the portions of the sample taken for

examination, and the closeness of successive

points at which they are taken.

Phases at Equilibrium

If there is no discontinuity in the variations of

intensive scalar properties from point to point,

the sample is said to be homogeneous, and to

consist of a single phase. We suppose that com-
position, temperature, and pressure of the sample
are the only significant variables, there being no
gradients of magnetic, electric, or gravitational

fields, for example; then the intensive properties

of a single phase at equilibrium are not only con-

tinuous but constant throughout. The phase
may be identified and distinguished from other
phases by the precise values of these constants at
stated conditions of composition, temperature,
and pressure. If more than one phase is present,
each is separated from the others by a surface
across which at least one intensive property ex-

hibits a discontinuity.

Arbitrariness of Distinguishing Phases

The intensive properties whose values and con-
tinuity identify a phase include, in principle, all

the ordinarily measured properties such as density,

refractive index, conductivity, specific heat, vapor
pressure, lattice constants, etc. Moreover, they
include all derivatives, of whatever type and order,

of such properties with respect to the independent
variables of composition, temperature, and
pressure.

Clearly the choice of an experimental basis for

deciding whether two portions of a given sample
are the same phase must be fundamentally arbi-

trary. We examine the sample by certain

methods and make those distinctions which seem
profitable. Identity of nucroscopic appearance
and X-ray diffraction pattern, for example, are

common criteria by which two homogeneous
portions of a sample may be identified as the

same phase.

We must always understand that study by
other methods may later reveal significant differ-

ences in physical properties. If there are sig-

nificant differences in behavior in any process of

interest to us, then the two phases must be
distinguished, however difficult that may be.

Fortunately we can usually expect significant

differences in energy, which cause significant

chemical differences, to produce significant differ-

ences in physical properties as well. Systems
which can form several distinguishable structures

of approximately equal energy may be far more
difficult to elucidate than those forming a few
widely different structures.

A second element of arbitrariness is spatial

resolution of the experimental technique. Clearly

the structure of a sample cannot be said to

change discontinuously on an atomic scale at

phase boundaries, any more than it does within

a phase. The spatial resolution of our examina-

tion of the sample therefore must be coarse

enough that we do actually recognize discon-

tinuities at the phase boundaries; the resolution

may be submicroscopic, but not atomic. Even
with this restriction the results of differing

techniques may disagree. A sample that is

microscopically homogeneous, for example, may
be revealed by the electron microscope as a

matrix of one phase containing droplets [Sastry

and Hummel, 1959; Krogh-Moe, 1959] or crys-

tallites [Hsiao, 1958] of another.

The status of matter within the region of

transition between phases is often ambiguous
when details of structure are considered. We
regard a polycrystalline sample as homogeneous
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if properties are identical within all grains, and
we may treat the twin planes of a twinned crystal

as the grain boundaries of a polycrystalline

sample. We are assuming that any grain bound-
aries and imperfections (such as are described
below in the section on "Real Crystals") not in

equilibrium have negligible effects on the prop-
erties investigated. Whether this idealization is

valid depends upon the phenomena and materials
under discussion.

For example, we may find it profitable to

identify two samples as j8-dicalcium silicate

even though the microscope reveals one to be very
finely twinned, and the other not [Insley, 1936;
Insley et al., 1938]. Two crystals of a metal
which are identical in appearance, on the other
hand, may be sharply distinguished for other
purposes because one has many dislocations in

its structure, and the other not.

Existence Regions

For each different phase capable of existence at

equilibrium there is a volume in the (A^+1)-
dimensional space, corresponding to the range of

conditions under which the phase is present in a
mixture. We may call this entire volume the
existence region for that phase. Clearly a part

of the existence region must correspond to the
presence of that phase alone; for if the phase is

present in any proportion in a mixture correspond-
ing to a given point in the (A^+1) -dimensional
space we can arrive at its solitary-existence region

by moving the mixture point along those lines of

constant temperature and pressure which cor-

respond to removal of the other phases present.

The A^-dimensional boundaries of the solitary-

existence region correspond to the phase changes
that take place with various changes in the
composition, temperature, and/or pressure of the
homogeneous sample. The mixture point, in

crossing one of these boundaries, may move
directly into an adjoining solitary-existence region,

corresponding to the complete transformation of

the entire sample into a new phase; or it may
move into a region where another existence region

overlaps the fh^st, corresponding to the appearance
of-a second phase without disappearance of the
fir^t.

Adjoining Existence Regions

When the mixture point crosses a phase bound-
ary where two existence regions adjoin but do
not overlap, the new phase has the same com-
position as the original phase. Such a situation

may occur in a polymorphic transformation or

the congruent melting of a solid.

Overlapping Existence Regions

If the phase change is appearance of a second
phase without disappearance of the first, the
principle of determinacy requires that the second
phase must have a different composition from the
first. Each phase is represented by a point in the
(AT^-f-l) -dimensional space, and all possible mix-

tures of them correspond to the line segment
joining these two points. Mixtures at different

points along this line segment are in the same
state, having the same temperature and pressure,

and differing as to composition only in the pro-

portions of the two phases. A family of such
line segments, called tie lines, defines all the
possible equilibria involving coexistence of the
two phases.

Continuity With External Conditions

Our sample may also be examined by measuring
its properties between successive changes in the ex-

ternally imposed conditions of composition, tem-
perature, and pressure, rather than at various
pomts of the sample under fixed conditions. If

each measurement represents equilibrium state,

the series of measurements indicates the manner in

which the equilibrium properties change with the
external conditions. The relationships ascertained
m this way are definitely limited in the variety of

properties measured, the precision of measure-
ment, and the smallness of the changes in condi-
tions between measurements.

Phase Changes

When the composition, temperature, or pressure
of a homogeneous sample is changed, we identify

the sample as that same phase always, and only, if

it remains homogeneous and its intensive prop-
erties exhibit no discontinuities. A discontmuity
in any property with changing external conditions
thus corresponds to a phase change.

Arbitrariness of Distinguishing Phase Changes

In recording any experimental study of phase
changes we must always admit that future investi-

gation, through more precise or more sensitive ex-

periments, may detect a phase change where none
had been thought to exist. Conversely, it may
happen that a phase change already kno^vn may
represent such slight departures from continuity,

in aU properties of importance to a given problem,
that it can safely be ignored.

Geometrical Description of Phase Equilibria

Much of the power of phase-equilibrium theory
resides in the development of geometrical ideas

that are suggested b}^ the foregouig discussion.

The A'^— 1 independent composition variables, to-

gether with temperature and pressure, form the

A^+1 coordinates of a space in wliicli each point
represents a unique choice of external conditions
for a mixtiire of components. The principle of

determinacy requires that tliore be a single equi-

librium state correspoiiding to each point. In that
equilibrium state, the sample may be either homo-
geneous or heterogeneous; we identify the state by
characterizing the one or more phases present.
The totality of phase equilibria may be defined by
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prescribing, either from theory or from experiment,

the region in the (A7'+ 1) -dimensional space corre-

sponding to the existence of each phase that can
exist.

Similarly, any coexistence region defined by the

overlapping of two or more existence regions must
be characterized by ties of constant temperature
and pressure connecting the coexisting compo-
sitions. With the usual sets of composition coordi-

nates, each tie is a line segment, a scalene triangle,

an irregular tetrahedron, or a simplex [see Som-
merville, 1958] in a higher-order space. Whatever
its order, the tie represents a region within which
the mixture point may move without a change in

state.

The state is completely specified by the specifi-

cation of any one of the coexisting phases. Thus
any displacement of a mixture point that corre-

sponds to a real change m state, within the same
coexistence region, corresponds to a displacement
of the point for each coexisting phase. The num-
ber of mdependent variables that can effect such a

change must be the same as the dimensions of the

boundary between the coexistence region and any
adjoinmg solitary-existence region, since each of

the mdividual phase pomts joined by a tie lies on
such a boundary.

The Phase Rule

The number of independent variables deter-

minmg the position of a mixture point in the

(A/"-!- 1) -dimensional space is (A^+1), but there

are (P— 1) independent variables, corresponding
to the subspace which is the tie for the P coexisting

phases, that do not affect the state. Therefore the
variance or number of independent variables af-

fecting the state, in anv region is V={N-\-\)
~(P-l)=N-P+2. This is the Phase Rule of

Gibbs [1876-8] [Butler, 1936].

Phase Diagrams for Condensed Systems

The multidimensional space with a delimited

region for existence of each possible phase consti-

tutes the complete phase diagram of the system.
Any intensive scalar property of a sample is con-
tinuous along any path that does not cross a
boundary of one of the existence regions. Con-
versely, a discontinuity in even one intensive scalar

property along any path in the phase diagram de-
termines a point wliere that path crosses a phase
boundary.

Tliis fact is the fundamental basis for construct-

ing phase diagrams. If the diagram is being
constructed from theory, the boundaries are

located where discontinuities occur in the calcu-

lated properties. If the diagram is determined
by experiment, the boundaries of existence regions

are located by detecting the discontinuties in

the laboratory.

Instead of the full pressure-temperature-com-
position diagram, a section through it at a constant
pressure value of 1 atm is ordinarily considered in

clinker chemistry and many other fields. Strictly

speaking, the clinker systems usually studied
contain no vapor phase at atmospheric pressure.

Any possible interactions with a gaseous phase
must be considered carefully in the interpretation

of experimental results. For example, the vapor-
ization of an oxide constituent in sufficient amount
to alter significantly the composition of a solid or
liquid requires that the vapor phase be counted
in determining P, and sufficient dissociation of an
oxide to affect its composition requires that oxygen
be counted in determining A'^.

If the idealization ignoring vaporization is

satisfactory, we may restrict the discussion to

condensed systems; the remainder of this paper is

so restricted. The Phase Rule, with pressure
fixed, becomes V=N—P-i-l.
A chosen mixture, at high enough temperatures,

will be entirely liquid. For our purposes the liquid

is taken to be a single phase, there being no im-
miscibility reported for the silicate liquids occurring
in cement clinker. The liquid phase exists alone
down to the upper limiting temperature for coex-
istence of a solid phase. This limiting tempera-
ture, or freezing point, is a function of composition.
The boundary of the solid-phase existence region,

defined by this function, is called the liquidus.

At a low enough temperature the mixture is

entirely solid. As temperture rises from this

point, melting begins at the low-temperature
limit of the liquid-phase existence region. This
limiting temperature, or freezing point, is also a

function of composition. The boundary defined

by this function is called the solidus. The most
significant aspect of most of our phase diagrams,
with respect to the character of the solid phase,

is the relationship between the liquidus and the

solidus.

Solids of Definite Composition

In cement clinker chemistry, as in most chemical
studies of a prescribed realm of materials, we give
first attention to the compositions that seem most
important because they represent phases that are

often found in the mixtures observed. That is,

we are interested first in those phases whose exist-

ence regions are relatively large, but whose
solitary-existence regions are comparatively small.

Of course the extent of these regions in compo-
sition is a function of the temperature. Above
the highest melting point, for instance, the liquid

phase has a solitary-existence region extending
throughout composition space, and no coexistence

regions. In this situation, no one composition
can be considered more important than another.

At a eutectic temperature, on the other hand,
the liquid's solitary-existence region is but a

single point while its coexistence regions may
range through almost the entire composition space.

The eutectic point is one vertex of a tie that

covers a sizable region of composition space, and
thus lias significance to a correspondingly sizable

range of mixtures. Such liquid compositions,

representing liquids present at the beginning of

melting or the end of crystallization, have rightly
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been emphasized in Dahl's [1955] discussion of

burnability and in studies of multi-component
systems such as

CaO- 5CaO • 3ALO3-2CaO • FezOs- 2CaO • SiOz
[Swavze, 1946] and Na20-CaO-Al203-Fe203-
SiOa [Eubank, 1950].

As with Hquids, the soHds may be rated in im-
portance according to the range of conditions
under which each is observed to be present in

cHnker. That is, a given sohd might be considered
important in proportion to tiie size of its existence

region in composition space and, ceteris paribus, to

the range of temperatures over which it can exist.

Such a consideration would clearly emphasize the

ideal conception of a chemical compound—

a

crystalline phase of unvarying composition, capa-
ble of existing in equilibrium with solutions (i.e.,

melts) of widely varying composition and
temperature.

Compounds

The ideal compound, if it melts congruently,
would necessarily be a composition at which the
solidus and liquidus coincide. The shape of the
liquidus temperature surface as a function of

composition around the melting point of a com-
pound has been argued extensively by many
authors. A distinction has often been made
between a "dissociating" compound and one that
is completely stable. Gibbs [1876-8] showed that
the chemical potential of a given component in a
mixture must be negatively infinite if that com-
ponent is entirely absent from the mixture, and
finite if the component is present. As Wilson
[1944] has reemphasized, the junction of liquidus

and solidus at a congruent melting point must be
a horizontal tangency, except where the chemical
potential exhibits a singularity because a com-
ponent disappears. Thus the liquidus maximum
for an intermediate compound can be sharp only
if the compound has an infinitely negative free

energy of formation (i.e., infinite stability).

The assumptions we have stated regarding the
attainability of equilibrium must rule out the
presence of infinitely stable compounds and thus,

in principle, the existence of sharp maximums in

the liquidus. A compound of relatively high
stability is not forbidden, however, and may in

principle have a liquidus maximum of great curv-
ature which appears sharp within experimental
error. The shape of the maximum has been
interpreted in terms of the "degree of dissocia-

tion" of the compound on melting [Kremann,
1904; Kendall and Booze, 1925; Bennett and
Wain, 1936].

Different authors treat in different ways the
experimental observations of apparently sharp
liquidus maximums reported in the literature.

Zernike [1955] speaks of the system of two sub-
stances that form a perfectly stable compound
as "a simple combination of the systems of each
of the substances with the compound . . . obtained
by just placing side hy side the corresponding
diagrams of the two systems," and cites phase

diagrams from the literature that appear to

represent such relations. Ricci [1951], on the
other hand, emphasizes the reversibility of forma-
tion of the compound, and says the completely
stable compound "is not a binary compound in

the phase rule sense. ... It is merely a third

substance . . . giving rise to two independent
binary systems."

This view is consonant with the fundamental
development of Gibbs [1876-8], and seems to avoid
an inherent contradiction in Zernike's viewpoint.
Discussing phase equilibria in any system involves
the basic assumption of equilibrium in any mixture
of the specified components—but there is no mech-
anism for equilibrium between a component in the
perfectly stable compound and the same compo-
nent elsewhere in the sample. One could scarcely
treat the system H2-H2O-O2 or H2-H2O-H2O2-O2
as a binary system, for example, at such low
temperatures that equilibria requiring molecular
changes are inaccessible.

The basic rule of continuity that defines a phase,
which we have discussed under "Continuity and
Discontinuity" argues for the viewpoint of Ricci

[1951] rather than that of Zernike [1955]. The
free energy per unit mass and its derivatives, being
intensive properties, must be continuous functions
of composition, temperature, and pressure for a
single phase. The geometrical derivation of the
liquidus from the free energy surfaces [Gibbs,

1876-8; Butler, 1936] must lead to a liquidus
temperature that is similarly continuous in value
and slope. In principle, a sharp maximum in the
liquidus temperature for a solid phase of unchang-
ing composition would have to correspond to a
discontinuity in the liquid phase. The binary
solutions between the perfectly stable compound
and its separate constituent substances must
therefore be considered different phases. This
appearance of a phase change as composition
varies in the liquid (or even in the gas phase, for a
sublimation curve with a sharp maximum) would
be quite reasonable because the presence of the
perfectly stable compound must lead to definite

discontinuities in value or slope of certain prop-
erties of the fluid phase.
The compounds related to cement clinker

chemistry do not approach perfection, as we have
used the term with reference to stability. They
are considerably, if not completely, dissociated in
the high-temperature liquids. They may, how-
ever, approach ideality in our sense of the word

—

having an unvarying composition in the solid

phase.
For such an ideal compound, the liquidus tem-

perature must be continuous in value and slope,

and pass through a maximum at a congruent melt-
ing point. The solidus, on the other hand, must
be quite discontinuous. If our compound forms
a cutectic with other ideal compounds, for ex-
ample, the solidus temperature is equal to the
eutectic temperature ever>-where within the com-
position simplex joining the compounds, but at
each vertex it rises abrupth" to coincide with the
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liquidus at the melting point of the corresponding
compound. At all the boundaries of the composi-
tion simplex it rises abruptly to coincide with the
eutectic temperatures of the boundary systems.
For such an ideal compound, the well-known

methods of purification (by crystallization from
the solution), characterization (by the melting
point), testing for purity (by sharpness of melt-
ing), and confirming identity (by mixed melting
with a known sample) are applicable without
reservation. Healthy skepticism as to the univer-

sal applicability of any idealization and the physi-
cal reality of the discontinuous solidus impels us
to expect, however, that every solid phase will

deviate from ideal behavior to some extent. If

the deviations are insignificant, we may speak of

"the small composition range called a compound"
[Searcy, Williams, and Schissel, I960]. If the

deviations of the solid from fixed conlposition are

significant, we must apply the more general term
"solid solution."

Solid Solutions

Taking the more general viewpoint, we may
regard every solid phase as stable over some finite

range of composition. If the range is small, we
may term the phase a compound and ignore its

variability of composition—it is always observed
to have the same identifying properties, within
experimental error. If the range is larger, on the
other hand, the variability of properties may
render even identification difficult.

We refer to solid phases of variable composition
as solid solutions without implying that their

solitary existence regions necessarily have any
particular shape or extension in composition space.

The designation of "components" of the solid

solution may often be profitless, or even misleading
if it suggests unsound analogies to the properties

of liquid solutions.
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Figure 1. Phase diagram for a hypothetical binary

condensed system A-B, with tie lines in two-phase regions.

A given solid phase might be called a solution
"between" or "among" any set of linearly inde-
pendent compositions that lie within its solitary

existence region, but this usage is misleading if the
same phase can have compositions outside the
tie so defined.

Conversely, the solid phase of variable composi-
tion is sometimes called "a solution of the solutes

in the solvent." The solutes may be any set of
compositions defining a tie that encloses the soli-

tary existence region, and the solvent may be any
composition within the solitary existence region.
In such a description, there is no particular basis
in chemical data for naming any set of solutes
other than the ultimate components of the system,
but the unique composition of the solid solution
that melts without decomposition might possibly
be named as the solvent.

The idea that every solid phase has a solitary

existence region of finite extent in composition is

a satisfactory generalization because it includes
the ideal compound as a limit. For example,
the phase diagram in figure 1 for a hypothetical
binary system A-B has finite solid-solution

regions around the pure components A and B.
Any of these regions might be broadened, or
might be shrunk to infinitesimal width, without
qualitatively changing the phase-equilibrium re-

lationships. Any one that was reduced in width
to a vertical line would represent an ideal com-
pound. The phase could then be indicated by
its formula without quotation marks.
The situation near the melting point of "AB"

is shown more clearly in figure 2. A mixture
point in the coexistence region ("AB" + 1) below
the melting point Tm can move along its tie line,

as indicated under "Overlapping Existence Re-
gions," without altering the state of the mixture.
Only a change in temperature, moving it to a new
tie line, produces a change in state. This being
a two-phase binary equilibrium, the phase rule

for condensed systems requires that the number
of variables affecting the state be V=P—N^
1 =2-2+ 1 = 1.

At the melting point, the liquid and solid have
the same composition. The phase rule requires

i
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Figure 2. The system A-B in the neighborhood of the

melting point of "B,'^ showing smooth maximum in liquidus

and solidus.
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Figure 3. Hypothetical phase relations for a sharp
maximum in the liquidus of "AB": discontinuous liquid

phase.

the same variance, since there are still two phases,

but the principle of determinac}^ requires that one
of the two phases disappear upon any infinitesimal

change in temperature. Thus the coexistence
region at Tm must be a single line of zero slope

—

the limiting tie line—and the liquidus and solidus

must have smooth maxima which are tangent at

the melting point.

The diagram would approach that for an ideal

compound as the "AB" region narrowed, and the
solidus increased in curvature at its maximum.
The existence of a sharp maximum in the

liquidus of a congruently melting solid phase, as

described hy Zernike [1955], corresponds to a vari-

ance of zero at the melting point because there is

no smooth curve passing through that point and
lying in the solid-liquid coexistence region. The
phase rule requires 0=N— P-\-l= S— P. Thus
the point must be one at which three phases co-

exist. Any such point must correspond to a dis-

continuity in either the liquid phase, as in figure

3, or the solid phase, as in figure 4.

The discontinuity in properties of liquid or solid

with the composition that is associated with an
observably sharp liquidus maximum would in

general have to be found by experiment, but for

systems of interest in clinker chemistry we expect
the liquids to show no discontinuities, and there-

fore expect that any such phenomenon would be
due to a discontinuity in properties of the solid

solution. The origin of the unique compositions
we think of as compounds, and the nature of the
changes in solid solutions ypith composition, will

have to be discussed in terms of the concepts of

structural chemistry rather than the more abstract
considerations of thermodynamics.

The Structural Basis of Definite Compositions

The traditional introduction to chemistry, for

pedagogical simplicity, is a Daltonesque picture

of a universe made of compounds in which the

chemical elements are combined in definite, simple,

and integral ratios of their atomic weights. The
expectation of definite, simple, and integral chemi-

MOLE FRACTION OF B —
Figure 4. Hypothetical phase relations for a sharp
maximum in the liquidus of "AB": discontinuous solid

phase.

cal formulas has been of tremendous value in the
understanding of chemical entities. In organic

chemistry, hundreds of thousands of individual

compounds have been characterized in these terms.

Although the ratios of the more complex organic

compounds may no longer be simple, they remain
definite and integral. The great success of re-

search in this field is due in large degree to the
existence of stable units of structure which can
pass without destruction through solid and liquid

(and also frequently gaseous) states. These units

are called the molecules.

Molecular Structures

The hypothetical perfectly stable compound we
have discussed as a limiting case is by definition

a molecular compound, since its complete stability

extends through the gaseous as well as the solid

and liquid states. Many of the usual illustrations

in introductory chemistry are molecular com-
pounds approximating this limiting case, because
the structural basis of their compositions is sim-
plest and was therefore historically first to be
elucidated.

The molecular compound consists of aggregates
of relatively few atoms having relatively great
stability. The forces between atoms in these ag-

gregates (covalent bonds) are strong, specific, and
directional. A unique configuration of atoms
that saturates these forces is bound together far

more strongly than any pair of already saturated
aggregates that may happen to be adjacent. The
deformation or melting of a molecular solid, or the
flow or vaporizing of a molecular liquid, separates
adjoining molecules without destroying them as

entities.

The molecules of all substances, to the extent
that they behave as independent, rigid masses,
make equal contributions to the pressure in the
gaseous phase and have equal effects on the well-

known coUigative properties of the liquid phase.
From these properties the total mass of a single

molecule can be established. The number of

atoms of each type in a molecule is, by definition,

an integer. Therefore the proportions in the for-

mula of the molecular compound must be definite
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and integral. Those molecules which are easily

studied in the gaseous phase have formulas that are

also comparatively simple. The study of the
simpler molecules has revealed the principles of

bonding by which we understand the far larger

molecules, whose proportions are by no means
simple and whose study in the vapor phase may
be impossible.

As molecules become larger the possibilities in-

crease for relatively slight differences in molec-
ular structure and concomitantly in energy. In
crystallization, one type of molecule may be
capable of replacing another without great differ-

ences in energy; solid solutions may form. More-
over, as molecular size increases the energy re-

quired for vaporization may become so large that
many molecules decompose under the impacts of

their neighbors rather than passing unchanged
into the vapor. Ultimately, even for molecular
compounds, the definition of the compound may
depend on an aggregate of atoms that is stable only
in condensed phases—perhaps only in the solid.

The smallest formula unit of an ionic structure

may consist of a very few atoms in a simple ratio,

such as CaO in calcium oxide. On the other hand
the unit cell may contain a large number of atoms
with complex ratios such as Ca2Mg5Si8022(OH)2 in

tremolite [Zussman, 1959]. Such complexity often

results from comparatively stable and specific

bonding within certain groups of atoms, termed
complex ions.

In discussing the formula of an ionic compound
we rely implicitly on the idealized crystal struc-

ture, whose unit cell and space group must always
be considered provisional. The size of the unit
cell established by research correctly done in the
past may be increased by more sensitive observa-
tions in the future, but never decreased; and the
space group symmetry may be reduced, but never
raised. In the case of many compounds in the
perovskite family, for instance, the originally ac-

cepted cubic unit cell containing the formula unit
ABX3 is only an approximation to the presently
accepted larger unit cells of lower symmetry
[Wood, 1951]. Even CaTiOs, after which the
"perovskite structure" was named, does not ac-

tually have that simple a structure [Naray-Szabo,
1943].

The ideal crystal is described as a static array

of atoms in assigned positions, but even the deter-

mination of the ideal structure has usually required

the abandonment of that picture. Almost invari-

ably the calculation of theoretical intensities in

X-ray crystal structure analysis applies a "tem-
perature factor" to the scattering power of each
atom, to correct approximately for the thermal
vibrations that distort the structure and smear
out the time-averaged electron density distribu-

tion. The departures from ideal structures are

even more important in many phenomena that
concern us. We must base any quantitative in-

terpretations of polymorphism, phase transitions.

and solid solution in a clinker mineral, for instance,

on the structure of the real crystal.

Thus the simplicity, definiteness, and perma-
nence of composition decreases as the state of
union or independence between each individual
atom and its neighbors becomes less distinct, even
in molecular compounds. In the materials that
concern us, many of the interactions between
atoms are not covalent at all, but ionic. Ionic
and metallic bonding form stable structures in

which a given atom is surrounded by a proper
number of others of suitable type, the exact iden-
tity of the surrounding atoms being secondary to

their size and electric charge. The numbers of
positive and negative ions must of course be such
as to yield zero net charge in the macroscopic
crystal.

The tendency to form a complete coordination
shell around each atom leads geometrically to

aggregates that are indefinitely large in all three
dimensions, rigid, and periodic in structure. Such
an aggregate is not a molecule, but a crystal.

Furthermore, the nonspecificity of the interac-
tions between atoms permits the displacement,
removal, or replacement of a small fraction of the
atoms of a given element, with correspondingly
small fractional change in the energy of the aggre-
gate. Such a process changes the "pure" crystal
to a solid solution.

Crystal Structures

A compound that is not defined by a molecular
structure is in fact rather poorly defined. The
preceding sketch of the transition from small co-
valent molecules to large ionic aggregates suggests
that the formulas of ionic compounds, to repre-
sent properly the corresponding aggregates of

atoms, should contain extremely large numbers.
The simple formulas we actually use are justified

by an idealization of the crystal structure.

The ideal crystal is conceived as a repetition,

through the translations of a three-dimensional
lattice, of a single aggregate of atoms. Whether
this aggregate is a molecule, or simply the con-
tents of a geometrical unit cell in a purely ionic

structure, its formula is the formula of the sub-
stance. Moreo'ver, this ideal structure may have
a space group whose symmetry elements prescribe
certain equivalences between groups of atoms
within the unit cell. The asymmetric unit, from
which the space-group symmetry generates the
entire structure, may be an even smaller aggre-
gate of atoms whose formula represents the sub-
stance. This smallest aggregate must contain
equal positive and negative ionic charges, but may
be only conceptual. The mistake of assuming it

to be a physical entity is well expressed by Sir

Lawrence Bragg [I960]: "Having found that the
numbers of ladies and gentlemen at dinner parties

is generally equal, we had falsely concluded they
were all necessarily married couples, instead of

realizing that it was because each lady liked to

have a gentleman on either side, and vice versa."
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Real Crystals

In real crystals there are many types of de-

partures from the ideal infinite structure of atoms,
related by the exact translations of the lattice

and other symmetry elements of the space group.
One of the most evident departures from the ideal

is finiteness of size, which affects the Fourier
transform representing the diffraction properties
of the crystal [Hosemann and Bagchi, 1953].

Other departures, such as mosaic structure and
thermal vibration, are usually considered in

crystal structure analysis because of their effects

on the diffracted intensity [James, 1954]. The
discussions of these effects treat the structure

itself as a continuum, and may apply to any
crystal. We are more interested, however, in the
interactions of particular atoms in specific struc-

tures that affect the phase equilibria, transition

rates, growth, and thermal, mechanical, and
electrical properties of the crystals so powerfully.

The success of solid-state physics with the study
of certain materials, in which these properties are

crucial, indicates tliat our understanding of the
behavior of cement clinker minerals will be greatly

enhanced by future research, as our understanding
of their composition has already been strengthened
by structure investigations in the past.

Dislocations

Of the various types of imperfections in crystals,

the most ubiquitous are dislocations. These are

loci at which the arrangement of atoms is different

from that in the ideal structure because two
parts of the structure separated by a half-plane

(a plane that slices into, but not througli the
crystal) are displaced relative to one another.

Screw Dislocations

When the displacement is parallel to the bound-
ary of the half-plane, as in figure 5, a screw
dislocation results. Such screw dislocations have
been shown to exist in a great many crystals

[Verma, 1953] and probably form the mechanism
of most crystal growth from fluid phases. Esti-

mates of the relative energies of deposition on a

perfect crystal face and on a stepped face [Stranski,

1949; Frank, 1949; Verma, 1953], indicate that

the former process cannot lead to a significant

rate of growth under most ordinary conditions,

but the latter can. If the step is due to a screw
dislocation, as in figure 5, further deposition

perpetuates it as growth proceeds around the

screw, through any number of successive layers.

Experimental evidence seems to favor this mech-
anism for many instances of crystal growth
[e.g., Albon and Dunning, I960].

If the displacement that forms the step height

is only one layer of atoms, or one unit cell of the

ideal structure, then we may expect the crystal to

resemble the ideal structure except for the minute
fraction of the atoms lying at the locus of the

screw dislocation. On the other hand, if the

Figure 5. A screw dislocation with a step height of one
unit cell {Frank, 1949).

(Used by permission, The Faraday Society.)

displacement is more than one unit of the struc-

ture, the structural relationship within the layer

of atoms deposited at the step may be different

from that between the new layer and its pred-
ecessor. There may be, for instance, a difference

in the manner in which planes of atoms are stacked
on one another—a stacking fault—between succes-

sively deposited layers. Being regularly repeated,

this difference constitutes a change in the repeti-

tive pattern of the ideal crystal. Depending on
the importance we attach to the new arrangement
as an individual structure, we might call it a

superlattice, a polytype, or a polymorph.
Structures that develop by the stacking of

close-packed layers of atoms [Pauling, 1942] are

affected comparatively little in energy by an error

in the placement of one layer relative to its

predecessors, as the relations between nearest

neighbors are unchanged. Many structures which
are geometrically related to close packing, such as

those of zinc sulfide, silica, ice, and silicon carbide,

can accommodate random or regular changes in

the stacking pattern. In the case of silicon

carbide [Ramsdell and Kohn, 1952] more than
sixteen different polymorphs have been identified,

and in a number of these the lattice period has
been correlated with the measured step height of

screw dislocations in the crystals [Verma, 1951;

Frank, 1951]. Bernal [1954] mentioned in the

preceding Symposium the possibility that the

large unit cells of certain clinker minerals naay

originate as the step height in a screw dislocation

through which growth of the crystal takes place.

Edge Dislocations

If the relative displacement of the two parts of

the structure is perpendicular to the edge of the

half-plane separating them, rather than parallel

as for a screw dislocation, the result is called an
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edge dislocation. A section through such a struc-

ture is beautifully represented in photographs of

bubble models by Bragg and Nye [1947]. A
simple diagram representing a series of edge dis-

locations is shown in figure 6. This figure

suggests the manner in which an array of disloca-

tions may represent a grain boundary in a mosaic
crystal or a polycrystalline single-phase specimen.
The geometry and properties of such boundaries
in comparatively simple structures have been
thoroughly reviewed by Amelinckx and Dekeyser
[1959]. Dislocations at grain boundaries and
within nearly perfect crystals are strikingly dis-

played by the elegant X-ray diffraction technique
of Lang [1959], which even yields stereoscopic
"photographs" of their distribution.

Observation of the bubble models suggests that
an edge dislocation in a ductile material should
move through the crystal rather easily. The
theory of the energies and motions of dislocations

[Fisher et al., 1957; Atwater, 1959; Amelinckx and
Dekeyser, 1959] appears indispensable for under-
standing such phenomena as creep, recrystalliza-

tion, and diffusion in metals.

FiGUEE 6. A series of edge dislocations forming the

grain boundary between two single crystals of slightly

different orientation (Amelinckx and Dekeyser, 1959).

(Used by permission of Academic Press Inc.)

The more complex, rigid, and brittle structures

of the cement clinker minerals permit compara-
tively little movement of dislocations at room
temperature, but at elevated temperatures such
processes may occur rather freely. Certainly
many ordinarily brittle materials raised to high
temperatures, such as sapphire above 1,000 °C
[Wachtman and Lam, 1959], readily undergo
plastic deformation.

Point Defects

The presence of dislocations in the crystal

structure implies a departure from the ideal

arrangement of atoms but not any particular

departure from the ideal composition of the crystal.

Departures from the ideal composition may exist,

however, and in three possible ways: (1) by the
substitution of an atom of a different element for

one that is present in the ideal structure; (2) by
the removal of an atom from the ideal structure

to leave a vacancy; (3) by the incorporation of an
interstitial atom in the space between atoms of the

ideal structure. In each case, the unit involved
can also be more than one atom—a complex ion

or a molecule.
There is bound to be a finite equilibrium concen-

tration of each possible type of defect in any
crystal [Frenkel, 1946]. We discuss the behavior
of individual impurity atoms or vacancies, and
their interactions, treating their concentration as

a continuous variable. If all possible sites are

saturated, or a definite fraction in an ordered
manner, the result is a new ideal structure. Thus
the equilibrium concentration of randomly distrib-

uted defects would represent the equilibrium solid

solution in the terms of the discussion of "Solid

Solutions," and an ordered array of identical

defects would constitute a definite compound in

the terms indicated under "Crystal structures."

We might expect our clinker "compounds" to

be Daltonides—fixed in composition—if their

crystallization and subsequent passage through all

phase transitions has been very slow. We ex-

pect that they may be Berthollides^—variable in

composition—if held above the temperature at

which ordering of defects occurs, or if cooled too

rapidly for the ordering process.

When a phase change requires diffusion of atoms
to new sites (as in a transition between order and
disorder of point defects) or realignment of unit

cells (as in the formation or removal of stacking

faults) it may not take place rapidly or completely.

Such effects are well known in cement clinker

(see, for example, the discussion of dicalcium sili-

cate by Nurse [1954] in the previous Symposium^),

and have been even more intensively studied in

some other silicates. Megaw [1959] has described

the structural relations among the felspars, in

which the distribution of silicon and aluminum
atoms among their sites is ordered at low tem-

peratures and becomes disordered on heating

through the transition to a high temperature form,

but cannot be reordered by cooling or further treat-
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ment. Other cases of sluggish transformation are

discussed by Buerger [1951]. Clearly we may ex-

pect the crystals in clinker to have equilibria that

are inaccessible under some conditions.

Thus a clinker constituent may vary in com-
position at the high temperatures of burning, and
may vary in structure as well after cooling. The
precise determination of these variations in all

details is beyond the power of our present physical

and chemical methods, except perhaps for sizable

single crystals. The X-ray diffraction pattern of

a microcrystalline sample leaves in doubt not only
its surface chemistry but also much about its

internal structure that has chemical significance.

Oscillation and Rotation

The ordering of defects may constitute a phase
change as discussed under "Continuity With
External Conditions," even though the energy
involved is very small. This kind of process has
been intensively studied in metallic structures

Clinker

The models that have developed in the vigorous
growth of solid-state physics are already helpful

for understanding in general certain aspects of the
behavior of clinker mixtures, but many detailed

interpretations will require further study or

experimental data. We shall review only the
knowledge of clinker structure revealed by the
literature since the previous Symposium

.

A general result of considerable interest from
recent X-ray powder work on clinker is the con-
clusion, which Nurse has already mentioned, that

the glass content is vanishingly small. This must
be not only reasonable, but self-evident to anyone
who has watched the rapid final crystallization of

clinker melts under the microscope, as investiga-

tors have often done at the Building Research
Station and the Portland Cement Association
Fellowship, and probably in other laboratories as

well. The presence of glass as an explanation for

abnormal heats of solution may be freely replaced
by the existence of disorder, dislocations, and other
regions of imperfection in an aggregate of sub-
microscopic crystals, the difference between the
two pictures being more in degree than in kind.

If the X-ray and electron diffraction properties
and other characteristics of the "glass" alone are

measured, however, we may be led to a more
detailed description that eliminates one of the
alternatives. Until there is an operational dis-

tinction between them [Bridgman, 1927] economy
of hypotheses dictates that we make no distinc-

tion. These two opposing views, like the crystal-

lization and colloid theories of setting [reviewed
by Bogue, 1955] and many others through the
history of science, may be resolved by a more
detailed description of the phenomenon, which

such as the copper-gold alloy CusAu and jS-brass

CuZn [Siegel, 1951].

There are, however, other kinds of disorder that
may also be responsible for phase changes. When-
ever certain atoms in the unit cell may rest in one
of two or more positions of approximately equal
energy separated by a potential barrier, there is a

possibility of disorder without change in the unit

cell contents.

The possibility of rotatory oscillation of certain

groups such as NH4 [Marshall, Staveley, and
Hart, 1956] or Si04 [Bredig, 1943; see Nurse, 1954,

and Douglas, 1954] or the oscillation of an ion

[Megaw, 1954], may provide a mechanism for an
order-disorder transition. In ferroelectric and
ferromagnetic substances the spontaneous electric

or magnetic polarization results from ordering of

dipoles; it disappears at the Curie temperature,
above which the dipole orientations are disordered.

Some iron-containing phases of interest to the
clinker chemist may well show transitions of this

kind.

Structures

replaces both earlier descriptions without con-
firming either.

The major clinker constituents appear in

several cases to be superstructures, in which the

true unit cell is extremely large but can be approxi-
mated by the repetition of a considerably simpler
pseudostructure. Such a relationship is to be ex-

pected when the X-ray diffraction patterns of a
crystal show a great many absent reflections dis-

tributed with noticeable regularity. The expecta-
tion was mentioned in the previous Symposium,
for instance by Jeffery, and in fact much of the

discussion at that time dealt with pseudo-
structures rather than the actual structures them-
selves.

The full unit cells of the complex clinker struc-

tures are still at the outer limits of the crystal-

lographer's mastery, but considerable progress

has been made in the interpretation of pseudo-
structure relationships in crystals. Reference
has been made to the possible role of screw dis-

locations in producing layer superstructures.

There are more complicated ways in which slightly

unsymmetrical small units may arrange them-
selves so that the true large unit cell approximates
a repetition of symmetrical small units. The
relationship may be thought of as twinning in

which the domains are only one or a few unit cells

in size, rather than macroscopic. The effect of

periodic structural distortion on the diffraction

pattern has been discussed by Jeffery [1951].

More recently there have been notable successes

in the unraveling of unit-cell twinning in a number
of mineral families, such as the sulfide solid solu-

tions whose end members are bornite Cu5FeS4
and digenite CugSs [Donnay, Donnay, and Kul-
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lerud, 1958; Morimoto and Kullerud, 1959].

These minerals show transformations from twinned
to simple structures at a few hundred degrees
very similar to the transformations of tricalcium

silicate at higher temperatures. A recent deter-

mination of a felspar structure [Newnham and
Megaw, 1960] was actually carried out in two
steps: first, the determination of the "average
structure" and, second, of the "difference struc-

ture." Tt is the second step that remains, in the
case of some clinker minerals.

The crystal chemistry of clinker constituents is

generally surveyed through the eyes of a mineralo-
gist, and may therefore often be interpreted in the
light of well-established generalizations about the
structural configurations found in minerals. To
avoid being misled by extensive knowledge of

stable mineral structures, we must remember
that the important clinker constituents are

highly unstable configurations by geological stand-
ards. They have a lower average cation charge
than many minerals, and may have lower or less

regular coordinations for large cations and smaller
or unusually constituted complex anions.
Although the cementitious properties of these
substances suggest a quantitatively different en-
vironment for the reactive atoms, it is not certain

that a qualitatively different picture, such as the
"one-sided" coordination of calcium proposed by
Biissem [1939] for tricalcium aluminate, would be
justified by the energy of reaction.

The general structural relationships among the
clinker constituents and other minerals have been
ably reviewed by Biissem [1939] and O'Daniel
[1957]. The latter concludes with a sentiment to

which we heartily subscribe: "Wir miissen noch
viel arbeiten!"

Calcium Silicates

Tricalcium Silicate

The pre-eminent authority on the structure
of tricalcium silicate is still the work of Jeffery

[1950, 1952], which was reported in the previous
Symposium [Jeffery, 1954]. The alternative struc-

ture proposed by O'Daniel and Hellner [1950] has
been abandoned because it disagrees with Patter-
son-Harker syntheses calculated from single-

crystal X-rav diffraction intensities [O'Daniel,

Hahn, and Miiller, 1953].

The pseudostructure has been described, and
shown in stereoscopic photographs [Jeffery, 1954].

It has a rhombohedral cell containing three
formula units 3CaO-Si02 but is usually referred

to the corresponding hexagonal cell containing
nine formula units, with approximate dimensions
a— 7.0 A, c= 25.0 A. The structure was con-
firmed by comparing observed and calculated
intensities for 189 X-ray reflections.

Jeffery [1950, 1952]" derived for aUte a C-
centered monoclinic lattice. In vector notation
[see Buerger, 1942] this is defined in terms of the
hexagonal unit-cell vectors a^, b^, c^/ (7^^=120°)

by the equations

SiM=^ (14aff4-7bff+2Cff)

2

The expressions with fractional coefficients

correspond to integral lattice translations because
the hexagonal cell is triply primitive, being
related to the vectors of the primitive rhom-
bohedral cell by the usual equations [Inter-
national Tables, 1952]:

^R=l (a^,+2bff+c^)

Cfl=| (— 2a/7-bff+Cff)

This use of the subscript R for the rhombohedral
cell should not be confused with Jeffery's [1950,

1952] notation, in which certain vectors cor-
responding to the hexagonal cell have that
subscript. Jeffery [1952] gave the monoclinic
lattice parameters as a =33.08 A,- 6=7.07 A,
c= 18.56 A, /3= 94°10'. His monoclinic cell

departs from convention [Donnay and Nowacki,
1954] in having a left-handed set of axes, but
this does not affect the relationships that have
been discussed.

The monoclinic cell has twelve times the
volume of the rhombohedral cell, and thus
contains 36 formula units 3CaO-Si02, 108CaO-
36Si02, or a total of 324 atoms. This large a
number represents considerable difficulty to the
structure analyst. It is noteworthy, however,
that one axis of the large cell is simply a doubling
of an elementary rhombohedral lattice transla-

tion [Jeffery, 1952]. Jeffery [1950] tentatively
proposed a structure corresponding to the formu-
la 108CaO •328102 -2

[
(AI2O3) , ,

(FcaOa) i ..] • 2
[
(MgO) „

(FeO)i.j,], in which the two added divalent
cations and the four trivalent cations substituted
for silicon per unit cell play an essential structural

role. He mentioned the availability of further

data requiring a large-scale computer for analysis,

and we hope that this work has been, or will

be, carried through. The chemical uniqueness
of the suggested composition for x=y=l (i.e.,

that it is a compound rather than a solid solution)

would require very careful phase-equilibrium
studies or critical examination of many "natural"
samples for complete confirmation, but is not
essential for usefulness of the formula. Copeland
et al., [1959] report that the specified composition
formed two phases, and similar results have
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been obtained at the Portland Cement Asso-
ciation Fellowship [unpublished work, 1957];

but compositions only slightly different produced
one phase under the same conditions, and the
extent in composition of the solitary existence

region may vary significantly with temperature.
The work reported by Jeffery [1950] on tri-

calcium silicate crystals produced by evaporating
a calcium chloride flux (the procedure of Nurse,
1948, described also by Lea and Nurse, 1949)
indicates that their unknown triclinic unit cell

is another slightly distorted multiple of the
primitive rhombohedral pseudocell. The fact

that the true repetitive unit of the structure is

a multiple of the pseudocell leads to "satellite"

reflections in the single-crystal diffraction pat-
terns in the following manner.
The true structure corresponds to a modulation

of the pseudostructure by a three-dimensionally
periodic function of comparatively long wave-
length. In the diffraction patterns the Fourier
transforms of the electron density distributions

become visible, the pattern of the true structure

being a convolution [vide Lipson and Taylor,

1958] of the transform of the pseudostructure with
that of the modulating function. Distances in

the transform are proportional to the frequencies
of periodicities in the structure, and thus the trans-

form of the low frequency modulating function
has closely-spaced maxima.
To obtain the convolution, the widely spaced

peaks in the transform of the pseudostructure (cor-

responding to the diffraction pattern of the rhom-
bohedral structure) are repeatedly superimposed.
Each of the superimposed repetitions of the array
of widely-spaced pseudostructure peaks corres-

ponds in position and weighting to one of the
closely-spaced maximums in the transform of the

modulating function. The total (corresponding
to the diffraction pattern of the monoclinic struc-

ture) has strong, widely-spaced peaks like the
pseudostructure, with closely-spaced peaks nearby
whose intensity declines rapidly with distance
from the main peaks.
A departure of the true structure from the sim-

pler pseudostructure of rhombohedral symmetry
may produce satellite reflections in this way, and
may also displace the original pseudostructure re-

flections. The former effect is most vivid in single-

crystal diffraction patterns but tends to be ob-
scured by the powder method, which is relatively

insensitive to weak reflections. The latter effect,

which Jeffery [1950] detected in the single-crystal

patterns by careful examination for splitting of

certain spots, is detectable in well-resolved powder
patterns.

The splitting of certain lines in the powder
pattern has been interpreted in terms of specific

distortions of the rhombohedral lattice by Yama-
guchi and Miyabe [I960]. They have assumed
that the unit cells for both monoclinic alite and
triclinic tricalcium silicate may be approximated
by the orthogonal cell whose defining vectors are

CY=Cff

They have confirmed by high-temperature X-ray
powder diffraction that the splitting of the lines

changes with temperature in a manner that
corresponds to the expected transitions to higher
symmetry on heating: monoclinic->rhombohedral
at 830 °C for alite; triclinic->monoclinic at 920°

and monoclinic-^rhombohedral at 970° for trical-

cium silicate.

They measured the positions of peaks in the
powder patterns of the low-temperature forms
precisely by the internal standard method. They
assigned indices to the components of the split

powder lines by comparing their relative intensi-

ties with the multiplicities of the components
theoretically produced by slightly distorting the

orthohexagonal unit cell aybrCy to monoclinic
and triclinic symmetry.

Their unit-cell calculations were based on the

interplanar spacings {d values) between 3.06 and
1.45 A, but in both of the patterns there were
some parts of this region that could not be clearly

indexed. The monoclinic unit cell was based on
24 indexed lines in the ranges 3.04-2.30 A, 1.83-

1.53 A, and 1.487-1.459 A, and the triclinic unit

cell was based on 25 indexed lines in the ranges
3.06-3.02 A, 2.79-2.31 A, 1.78-1.54 A, and 1.48-

1.45 A. They found the dimensions of the mono-
clinic unit cell to be a= 12.246 A, 6= 7.045 A,
c=24.985 A, |3=90°04', and those of the triclinic

cell, a=12.195 A., 6= 7.104 A, c=25.096 A, a=90°,
;8=89°44', 7=89°44'.
A calculation by the writer, using a least-

squares program for the IBM 704 computer which
minimizes the quantity 1,{l/d^y, gave for the

monoclinic cell a= 12.248 A, 6= 7.045 A, c= 24.972
A, |3=90°06', and for the triclinic cell a= 12.196 A,
6= 7.103 A, c=25.094 A, a=89°57', ;8=89°43',
7==:89°44'. Either of the two sets of lattice

parameters gives agreement between observed
and calculated spacings within 0.003 A. (average
discrepancy less than 0.0009 A) for the monoclinic
pattern and within 0.004 A (average discrepancy
less than 0.0007 A) for the triclinic pattern.

The relations between the various unit-cell

vectors are indicated in figure 7. Yamaguchi
and Miyabe [1960] state that their monoclinic
cell corresponds to the following dimensions for

Jeffery's monoclinic cell: a=33.091 A, 6= 7.045 A,
c= 18.546 A, j8=94°08'. Their unit cells are

justified by utility for indexing of the powder
patterns, but do not have structural significance.

A structural unit cannot properly be defined, with
our present information, for the triclinic crystals,

nor any but that of Jeffery for the monoclinic
crystals.

The powder data of Yamaguchi and Miyabe
[1960] are probablj^ the most precise available

withui the range they have covered, although the

tabulation by Heller and Taylor [1956] indicates
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Figure 7. Diagram of unit-cell relationships for tricalcium

silicate.

Subscripts indicate the definer of each set of vectors: H and M, the hexag-
onal and monocUnio cells of Jeflery (1950, 1952); Y, the monoclinic and tri-

cllnic cells of Yamaguchi and Miyabe (1960), from whom the diagram is

adapted. (Used by permission, Am. Ceram. Soc.)

additional lines at larger and smaller interplanar
spacings.

Dicalcium Silicate

No extensive structure investigations of pure
dicalcium silicate or belite have appeared in the
literature since the review in the previous Sympo-
sium by Nurse [1954}. His paper quotes in detail

the X-ray powder data, lists the available unit-

cell data from single-crystal measurements, and
shows the structure found for jS-dicalcium silicate

by Midgley [1952a]. Extensive data on the
powder patterns have been given by Yannaquis
[1955]. A later review of the powder data, with
indexing where possible, has been given by Heller
and Taylor [1956].

The a Form

Mrs. Douglas [1952] detected a trigonal phase
m crystals of bredigite from vugs in a slag, which
was identified with a-dicalcium silicate. Mrs.
Midgley [1952b] studied nagelschmidtite, a slag

mineral containing 3CaO-P205 and 2CaO-Si02 in

the ratio of 1:2 or 1:3, and found that its unit

cell is a multiple of that determined by Mrs
Douglas. These results were discussed by Nurse
[1954] in the previous Symposium.

The Of' Form

Mrs. Douglas [1952] has reported preliminary
studies of bredigite, a naturally occurring calcium
orthosilicate of the composition (Ca1.59Bao.08Mgo.31

Mno.og)Si04. This material gives a significantly

different powder pattern from pure a'-Ca2Si04,
but probably is closely related in structure. The
analogy with i3-K2S04 [Bredig, 1950] may be
approximately but not exactly true.

The /S Form

The determination of the structure of |3-dical-

cium silicate (BaOa-stabilized) by Mrs. Midgley
[1952a] makes this the most carefully investigated
of the several polymorphs. The determination
was based on 200 measured X-ray diffraction

intensities—73 hOl, 100 Okl, and 27 hkO. The
structure amplitudes calculated from the final

atomic coordinates agree with observed values to

an average discrepancy of 19 percent. This is

reasonable confirmation of the basic structure,

although the use of additional data on hkl reflec-

tions in more elaborate calculations might permit
refinement of the atomic positions to higher
precision.

The y Form

Nurse [1954] reported that there were no single-

crystal data on 7-dicalcium silicate. The reason
for this lack is the fact that the crystals are

obtainable only by dusting of the jS form, and
these are extremely small. Recently D. K. Smith
of the Portland Cement Association Fellowship
has been able to isolate usable single crystals of

the 7 form, however. He has been able to collect

complete X-ray intensity data on this polymorph,
confirm that it has the olivine structure as pro-

posed by O'Daniel and Tscheischwili [1942],

and determine the atomic positions with good
precision. This work will be reported separately.

Calcium Aluminates

Tricalcium Aluminate

The paper on this phase in the previous Sym-
posium [Ordway, 1954] was mainly a discussion

of the pseudostructure proposed stUl earlier by
Professor Btissem [1938]. The unit cell and space
group (Tn—PaZ) of the true structure were given,

but not a complete structure determination.

Other activities have prevented as from applying
the large-scale computation facilities now available

to the X-ray intensity data on tricalcium alumi-
nate, which were gathered some time ago, but it

is hoped that this work can be carried through in

the near future.

The X-ray powder pattern of tricalcium alumi-
nate was given in detail in the previous Symposium
by Yannaquis [1954], and even more high-angle

lines were reported by Swanson, Gilfrich, and
Ugrinic [1955]. The latter authors report the

lattice constant as t7= 15.262A at 25 °C.
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12CaO-7Al203 and 5CaO 3AI2O3 50

The literature on "12:7" or "5:3" calcium
aluminates is a striking example of the uncer-
tainties in ascribing formulas to ionic compounds
that form at high temperatures. Shepherd,
Rankin, and Wright [1909] reported stable and
unstable 5:3 compounds. Koyanagi [1931]
thought there might also be a 3:2 compound.
Biissem and Eitel [1936] found a crystal structure
for the stable cubic compound corresponding to
the 12:7 ratio. Lagerquist, Wallmark, and West-
gren [1937] proposed a 9:5 formula. Aruja [1957]
determined the unit cell and space group for

orthorhombic crystals grown with a hot wire
device by J. H. Welch. These apparently corre-

spond to the "unstable 5:3" phase originally re-

ported, and actually do have the 5:3 ratio.

At this stage, the formula must derive from a
knowledge of the chemical composition, the unit
cell, and the density. It is necessarily assumed
that there are no defects in the structure. The
manner in which these data determine the formula
is best shown in a graph such as figure 8.

Its coordinates are the numbers of formula units
(CaO and AI2O3 respectively) in the unit cell.

For any calcium aluminate of given unit-cell

volume V and density p the possible compositions
are represented by a line of negative slope, whose
intercepts are (A^'FpH-formula weight of CaO)
and (A/'yp-:-formula weight of ALOs) where is

Avagadro's number, or 0.01074 Vp formula units
of CaO and 0.00591 Vp formula units of AI2O3
where V is in A^ and p is in g/cm^ Results of a
chemical analysis are indicated by a line tlu'ough
the origin with a slope that corresponds to the
molar ratio found. The line from the crystal data
and that from the analytical data should intersect
at a point whose coordinates are the integers
X and y in the formula xCaO-^/AljOs for the unit-
cell contents.

Inspection of the figure shows that the
intersections are indeed closer to the points
24CaO-14Al203 and 20CaO-12Al2O3 than to the
other possible points nearby. It also shows how
slight an error in chemical composition, unit-cell

size, or density would be required to change the
indicated formula.
The structure proposed for 12CaO-7Al203 by

Biissem and Eitel [1936] is based on 51 estimated
X-ray intensities. It does not account for two of
the oxygen atoms, which were taken to be statis-

tically distributed over a number of possible posi-

tions in the unit cell. Definite positions for these
atoms were felt to be unlikely because the unit
cells of lower symmetry that were tried did not
give satisfactory calculated intensities, and no
superlattice lines were seen in the powder pattern.
This structure seems worthy of further study with
the more powerful experimental and computa-
tional techniques now available to cr^ystallogra-

phers, but the vahdity of the 12:7 formula is

independent of the structure determination, as

figure 8 shows.

NO. OF AlgOj PER UNIT CELL

Figure 8. Unit-cell contents of calcium aluminates
based on unit-cell volume V (A'), density p(g/cm^), and
molar ratio CaO:Al203.

Aruja [1957] has noted an analogy between
5CaO-3Al203 and gehlenite, 2CaO-Al203-Si02, which
may be a useful starting point in determming the
5:3 structure.

Ferrites

Nurse's paper in this Symposium reviews the
phase-equilibrium studies on the ferrite solid-solu-

tion series. The continuous variation in positions

of the X-ray powder lines with the parameter p
(0<p<0.69) in the general formula 2Ca0-(Fei-p
Alp)203 was used by Midgley (1958) for character-
izing the ferrite phases in clinker samples, and by
Newkirk and Thwaite [1958] for determining the
tie lines representing equilibria, in the ternary sys-

tem C-A-F at various temperatures, between
ferrite, liquid, and either lime, C3A, or C12A7.

The apparent tendency of the solid solution to-

ward lower lime content with increasing p, re-

ported by Newkirk and Thwaite [1958,] might be
taken to suggest replacement of some lime by FeO,
but the phase-equilibrium study of Phillips and
Muan [1958] argues against such an explanation.
Studies of the structure have concentrated on the
variation of p and ignored axiy possibility of other
departures from the formula mentioned above.

It was Bussem [1937, 1939] who found for

2CaO-(Alo.5Feo. 5)203 the probable space group
Imma—DH [International Tables, 1952] and pro-
posed the structure of layers of ROe octahedra
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separated by calcium ions from alternating layers

of RO4 tetrahedra. He took the cations R to be
aluminum in the octahedra and iron in the tetra-

hedra. Cirilli and Burdese [1951] and Malquori
and Cirilli [1954] accepted the space group Imma
for the entire solid-solution series, but believed the
aluminum to be distributed randomly over both
tetrahedral and octahedral sites. Bertaut, Blum,
and Sagnieres [1957a, 1957b, 1959] investigated

2CaO-Fe203 and found the space group to be
Pnma-Dl\. (Their unit cell has the a and c axes

interchanged from the choice of Biissem. Thus
their paper states the space group as Pcmn—T)ll,

and the h and / indices of X-ray reflections in their

tables must be interchanged for comparison of

tabulated intensities.) The determination of the
atomic positions for 2CaO-Fe203 [Bertaut, Blmii,

and Sagnieres, 1959] has been done with consid-

erable precision, although the rather large correc-

tions for absorption applied to the measured X-
ray intensities were estimated empirically. The
final average relative discrepancy between meas-
ured and calculated structure amplitudes of the
252 reflections they observed was 14.7 percent.

The series has been further investigated by
D. K. Smith [I960]. He obtained X-ray preces-
sion patterns from carefully annealed single crys-

tals with seven dift'erent values of p covering the
possible range, and found that there is actually a
definite change of symmetry. As p increases from
zero to 0.33, certain X-ray reflections of consider-
able intensity permitted by the space group Pnma
decrease steadily to zero. The added extinctions

correspond to the higher symmetry of the space
group Imma.

Smith's interpretation of this symmetry change
is shown by stereoscopic drawings in figure 9,

superimposed on the structure found by Bertaut,

Blum, and Sagnieres [1959]. As the figure shows,
the increased symmetry corresponds to a slight

rotation of the tetrahedral groups.
In conjunction with the change of symmetry

there is a change in the slopes of certain inter-

planar spacing curves as a function of composition.
This nonlinearity was noted by Newkirk and
Thwaite [1958], and is visible in the curves pub-
lished by Malquori and Cirilli [1954] and Midgley
[1954, 1958]. Like the change in symmetry, it

suggests that the substitution of aluminum for iron
atoms with increasing p does not take place in the
same manner throughout the composition range.

Smith studied the ionic packing affecting the
symmetry change, and compared the intensity
variations of the sensitive X-ray reflections with
those calculated for various distributions of the
aluminum atoms. He concluded that the alumi-
num substitutes only for iron in the tetrahedral
positions at first, but when p reaches 0.25-0.3

the substitution in octahedral positions appears
to become equally probable. The phase change
is a so-called "higher-order" transition. Further
details' on these changes will be available at the
completion of a full three-dimensional structure
refinement based on integrating Weissenberg data,

which is being carried out.

It is interesting to note that none of Smith's
single crystals, grown from the melt by lowering
the furnace temperature 1 °C per day, showed
detectable elongation of diffraction spots which
would be expected if compositional zoning caused
variations of p by 0.05 or more within the crystal.

Swayze [1946] has repeatedly emphasized the
likelihood of zoning as a persistent phenomenon
because of nonequilibrium crystallization around
a protected phase. Midgley [1958], in surveyin,^

the powder patterns of numerous cements, found

Figure 9. Stereoscopic pair showing half of the unit cell of 2CaO-Fe203. {Smith,

1960.)

The full unit cell contains four formula units. The a axis is vertical, the b axis points away from the observer,
and the c axis is approximately horizontal and parallel to the page. The atoms connected by lighter lines indicate
the proposed structure of higher symmetry corresponding to p>0.03.
(To view in three dimensions, hold the figure about 10 cm from the eyes and rotate slowly until the blurred

images merge. Then move it away without rotation until the merged images focus. A stereoscope can be used
instead, if desired.)
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in many cases a considerable line broadening
ascribed to zoning. The aluminum and iron

atoms apparently have a sufficiently high diffusion

coefficient at the higher temperature to approach
equilibrium in some clinkers but not in others.

The dependence of this diffusion rate on tempera-

ture and composition should be studied quantita-
tively for better understanding of clinker. Even
if the dependence is simple, however, its use by the
chemical engineer to predict the results of given
processing conditions will be a far more difficult

statistical problem.

Techniques

The long-range goal of structure studies for

clinker chemistry may be to determine atomic
configurations that will guide the refinement of

statistical models, in the theoretical approach
mentioned at the start of the section on "Funda-
mental Concepts". The more immediately visible

short-range goal, hovvever, is the characterization

of phases and transitions. For this purpose the

crystallographer has continuously striven to ex-

amine real equilibrium structures, rather than
"quenched" or metastable ones. The develop-
ment of high-temperature microscopy, mentioned
in Nurse's paper in this Symposium, is one result

of this tendency.
For structure investigations, the most important

developments are naturally improvements in high-
temperature X-ray diffraction techniques.

Powder diffraction cameras for high-temperature
work have long been available, and much of the
progress in studies of high-temperature polymor-
phism has come from their use. High-tempera-
ture microscopy has been reviewed by Brenden,
Newkirk, and Bates [I960]. The hot-wire tech-

nique developed years ago for high-temperature
microscopy has been used with the X-ray powder
camera at the Building Research Station [Aruja,

Welch, and Gutt, 1959], and we have tried similar

experiments at the Portland Cement Association
Fellowship. The apparatus has the advantage of

being easily set up, adjusting quickly to a desired

temperature, and requiring only small samples,
but for our purposes these were not major con-
siderations and many of the published designs for

conventional high-temperature powder cameras
seemed to have more important advantages.
Since the counter diffractometer appears to

promise better sensitivity for detecting weak
powder lines and resolving complex patterns, we
have been rather more interested in high-tempera-
ture diffractometer equipment. Several papers
have described furnace attachments for use with
the diffractometer [Chiotti, 1954; Mauer and Bolz,

1955; Perri, Banks, and Post, 1957], but they have
either required a vacuum or special atmosphere or

been incapable of routine operation over the entire

temperature range (to 1,650 °C) in which we are

interested. Further development of such appara-
tus will be extremely helpful to clinker chemists.

For the structure worker, an even more potent
tool is the technique of high-temperature single-

crystal X-ray diffraction. Development of that

technique was the prime object of the improved
version of the original hot-wire apparatus [Ord-
way, 1954], constructed at the Portland Cement
Association Fellowship about the time of the pre-
vious Symposium [Ordway, 1955]. This unit,

having automatic temperature control (fig. 10)
and a suitable physical design, is intended for

growing crystals under the misroscope and then
transferring them, without further cooling, to the
precession camera for X-ray diffraction. Similar
use could undoubtedly be made of the apparatus
developed by Aruja, Welch, and Gutt [1959].

Other devices for single-crystal X-ray work at
elevated temperatures [Dent and Taylor, 1956;
McKeown, 1956; Katz and Kay, 1957; Smith and
Brown, 1959] either do not approach the highest
temperatures we require or do not provide con-
veniently for microscopy, although some may give
better uniformity of temperature across the
sample.
Even the hot-wire apparatus, seemingly best

for the intended manipulations, has shown certain
remaining difficulties in our few preliminary tests.

The removal of superfluous liquid from the
crystal, and its firm attachment to the wire in

order to maintain fixed orientation, are now
extremely painstaking operations. The tech-

nique will have to be improved for routine use,

but such a development seems inescapable. To
obtain full structural information the original

high-temperature clinker constituents must be
examined, since they undergo so many changes
when cooled.

* VARIABLE - GAIN -fc. POWER
OSCILLATOR » AMPLIFIER AMPLIFIER

DC
AMPLIFIER BALANCING

POTENTIOMETER

THERMOCOUPLE

HIGH-FREQUENCY AC
90% PLATINUM, 10% RHODIUM

DC
PLATINUM

Figure 10. Basic circuit of hot-wire apparatus with
automatic temperature control.
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Conclusion

Further development of specialized high-tem-
perature techniques and of the more generally
used methods of structure analysis, and more
intensive use of the methods already available,

will undoubtedly reveal much about the structures
of clinker minerals. The full benefit of this

knowledge cannot be obtained, however, unless we
apply it widely. The phenomena observed
qualitatively in phase-equilibrium studies on
clinker, or quantitatively in thermodynamic
measurements, must be fundamentally interpreted

in terms of structure. The results of our engi-

neering processes of clinker burning and cooling
must be interpreted in terms of microstructure
and the reaction kinetics within small particles,

which must be further interpreted in terms of the
arrangements and motions of atoms. Regardless
of the possible economic benefits, I am confident
that our understanding of these processes will

grow. It is sure to progress as long as it can
enlist the talents of as many practitioners of

insatiable human curiosity's highest devel-
opment—modern science—as the present Syrnpo-
sium represents.
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Paper II-Sl. The Effect of Minor Components on the HydrauHcity of

the Calcium Silicates
*

J. H. Welch and W. Gutt

Synopsis

Early studies on the constitution of cement clinker sought to interpret cement properties
in terms of potential compound formation, because an overall chemical analysis of cement
clinker was not in itself sufficiently indicative of the behaviour of the material.

Model phase equilibrium studies are necessarily restrictive in relation to the number of

components studied, and we have become accustomed to interpreting cement performance
in terms of the potential calcium silicate, aluminate, and aluminoferrite formation from the
available CaO, Si02, AI2O3, and Fe203. As these oxides comprise the bulk of the clinker,

the minor components have tended to assume a correspondingly minor significance.

This paper emphasises the importance of minor components in modifying the properties

of the major clinker phases, a role in which their influence is far greater than their quantita-
tive representation . in the clinker might suggest. The separate effects of phosphate and
fluorine additions to C2S and C3S have been studied in relation to the formation, polymorphic
stabilization, decomposition, and hydraulicity of the calcium silicates. The effect of fluorine

additions to a phosphatic clinker has also been investigated, and the results obtained under-
line the importance of not relying too much on subjective estimates of cement quality,

based on microscopic examination of the phases present in the clinker.

It is concluded that a knowledge of the chemical composition of the major phases is

insufficient to define their qualities, and that atomic arrangement as influenced by minor
components plays an extremely important part in determining their potential hydraulicity.

Resume
Les premieres etudes sur la constitution du clinker de ciment cherchaient k interpreter

les propri^t^s du ciment en fonction de formation potentielle des compos^es, parce qu'une
analyse chimique complete du clinker de ciment n'ltait pas en soi une indication suffisante

du comportement du mat6riau.
Les etudes modeles sur I'equilibre des phases sont n^cessairement restrictives par rapport

au nombre de composants etudife, et nous avons pris I'habitude d'interpr^ter le comporte-
ment du ciment en fonction de la formation potentielle du silicate, aluminate, et de I'alumino-
ferrite de calcium k partir des CaO, Si02, AI2O3, et Fe203 disponibles. Comme ces oxydes
comprennent la plupart du clinker, on a eu tendance k accorder aux composants mineurs
une importance ^galement mineure.

Get expose souligne I'importance des composants mineurs en ce qu'ils modifient les

proprietes des phases majeures du clinker, et dans ce role leur influence est bien plus forte

que ne le suggere leur representation quantitative dans le clinker. Les effets separes des
additions de phosphate et de fluor aux C2S et C3S ont ete etudies par rapport k la formation,
la stabilisation polymorphique, la decomposition, et I'hydraulicite des silicates de calcium.
L'influence d 'additions de fluor k un clinker phosphate a egalement ete examine, et les

resultats obtenus soulignent le fait qu'il est important de ne pas se fier trop aux evaluations
subjectives de la qualite du ciment, basees sur I'examen au microscope des phases presentes
dans le clinker.

On en conclut que la connaissance de la composition chimique des phases majeures ne
suffit pas pour determiner leurs qualites, et que la disposition atomique, en tant qu'elle est

influencee par des composants mineurs, joue un role extremement important dans la deter-
mination de leur hydrauHcite potentielle.

Zusammenfassung
Die friiheren Untersuchungen betreffend der Konstitution der Zementklinker haben

immer versucht, die Zementeigenschaften als verursacht durch die Bildung dieser oder jener
Verbindung auszudriicken, well doch die quantitative chemische Analyse der Zementklinker
keine geniigende Aufschliisse iiber das Verhalten des Materials gibt.

Modelle Phasengleichgewichtsstudien sind in ihrer Natur beschrankt, da man nie eine

geniigende Zahl der Komponenten studieren kann, und daher hat man sich angewohnt, das
Verhalten eines Zements in der Form der moglichen Kalziumsilikat-, Aluminat-und Alumi-
noferritbildung aus den vorhandenen CaO, SiOa, AI2O3 und Fe203 zu erklaren. Da diese

Oxyde die Hauptbestandteile des Klinkers sind, hat man immer angenommen, daB aUe
anderen Bestandteile die nur in kleiner Menge vorhanden sind, auch nur die Eigenschaften
in untergeordneter Weise beeinflussen.

Die Untersuchung zeigt, dafi man grofien Nachdruck auf die Bedeutung der Kompo-
nenten, die nur in kleinen Mengen vorkommen, legen mul3, daB diese die Eigenschaften der
Hauptphasen der Klinker sehr beeinflussen, dafi sie dort wirklich eine RoUe, die in keinem
Verhaltnis zu dem Mengenverhaltnis in dem sie vorkommen, spielen. Die Einzeleffekte

der Phosphat- und Fluoridzugaben wurden fiir C2S und C3S in ihrer Beziehung zur Bildung,

•Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Cpntribution from the BuOdlng Research Station, Department
of Scientific and Industrial Research, Watford, England.
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zur polymorphen Stabilisierung, Zersetzung und hydraulischen Eigenschaften des Kalzium-
silikats studiert. Auch der EinfluB einer Fluoridzugabe in einem phosphathaltigen Klinker
wurde untersucht, und die Ergebnisse zeigen, daC es falsch ist, sich zu sehr auf die subjektive
Abschatzung der Zementqualitat, wie sie auf der mikroskopischen Betrachtung der im
Klinker existierenden Phasen aufgebaut ist, zu verlassen.

Es ist daher so, da(3 die Kenntnis der chemischen Zusammensetzung der Hauptphasen
fiir die Qualitatsbestimmung ungenugend ist, and dafi der Atomaufbau, der sehr durch
Spurenelemente beeinflufit wird, eine groCe Rolle in der Bestimmung des voraussichtlichen
hydraulischen Verhaltens spielt.

Introduction

It has long been asserted that the presence of

phosphate in cement is detrimental to its quality,

and for this reason phosphatic limestone has
normally been avoided in cement manufacture.
In Uganda no other limestone is readily available,

and a cement industry was established there using
phosphatic limestone as the basic raw material.
In connection with this project, Nurse [1]^ studied
the phosphate problem and his work formed the
basis for the manufacturing process used. Nurse
found that the presence of phosphate hindered
the formation of C3S, and that the phosphate
combined to form a particular solid solution with
C2S. He recommended a limit for the phosphate
content which would permit the attainment of

satisfactory strength in the cement, and he de-
vised a process of ignition, hydration, and elutri-

ation for the limestone which would separate in

the elutriation stage the phosphate exceeding this

limit. As experience was gained it became known
that the effect of P2O5 was less deleterious than
had been forecast from the original laboratory
work. This fact, combined with a fluorspar ad-
dition to the raw meal, has ensured the pro-
duction of a cement of excellent quality.

Since the inception of the cement industry in

Uganda, its material and products have been reg-
ularly examined at the Building Research Station.

The present research program includes also the

examination of laboratory-prepared clinkers con-
taining phosphate alone, or phosphate and fluo-

rine, by chemical and X-ray analysis, and by
microscopy. Considerable evidence has been ob-
tained in the course of this work that subjective
estimates of cement quality, based on microscopic
examination of the phases present in the clinker,

can be wholly unreliable. This observation ap-
plies particularly to the presence of phosphate and
fluorine, which are capable of causing profound
structural modification of C2S and C3S, but it

could clearly apply to certain other minor com-
ponents as well. It appears essential to establish

the precise properties of the phases present, and
in particular their latent hydraulicity. Several

recent papers [2-4] on the effect of minor com-
ponents on cement quality contain no reference

to actual strength determinations, and the con-
clusions drawn solely from mineralogical examina-
tion may well be misleading. In order to under-
stand the phosphatic cement process more clearly,

high-temperature phase equilibria in the system
CaO-Si02-P205 have been studied, together with
the separate effects of phosphate and fluorine on
C2S and C3S. The results of these studies will

now be discussed because although seemingly re-

lated to one manufacturing problem they appear
to have a much wider implication.

Dicalcium Silicate

Effect of Phosphate

The dicalcium silicate phase was fully discussed
by Nurse [5] in the previous S3anposium. Since
then, new techniques of high-temperature micros-
copy and X-ray analysis [6-8] have been devel-
oped which enabled Nurse, Welch, and Gutt [9]

to examine the phase equilibria in the system
C2S-C3P. This work revealed that not only
18-C2S but also the a' and a polymorphs could be
stabilized by appropriate additions of phosphate.
The hydraulicity of these polymorphs and also

of 7-C2S has now been determined.

Experimental Procedure

The mixes were prepared from crushed quartz
(99.95% pure), CaCOj (99.9% pure), and C2P
(<99.9% pure) prepared from AnalaR phosphoric
acid and CaC03. The powdered materials, which
had been screened through a 100-mesh sieve, were
mixed dry and ignited in platinum trays at 1,000°

' Figures in brackets indicate the literature references at the end of this
paper.

and subsequently at 1,550° in an electric furnace for

20 hr. The phases present were identified by
means of a Guinier-type focusing camera, 114 mm.
diam., with CuKa radiation. After grinding to a

fineness of 4,000 cm^/gm. with 4 percent of added
gypsum, hydraulicity was determined by com-
pressive-strength tests on half-inch 1 : 3 mortar
cubes, which had been cured in moist air for one
day and in water thereafter. The composition
of the mixes and the strength results are shown in

figure 1.

The quantities of material available for test

necessitated the adoption of small-scale specimens.
Although the strength results obtained on half-

inch cubes enable a direct comparison to be made
of different materials, the absolute strength figures

cannot be directly compared with those obtained
by the B.S. test on 2.78-in. mortar cubes. A num-
ber of Portland cements were tested using the two
different specimen sizes, and in this instance an
approximate correlation was obtained from the

expression

:
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Strength (2.78-m. cube) = 2.2Xstrength O^in.
cube)+ 1,200 lb/in.2

5D00

Discussion

It is clear that only j8-C2S is substantially hy-
draulic under the conditions of the test. In view
of this, the assessment of the effect of any minor
component on the quality of portland cement
must take into account the possible stabilizing

action on C2S, and in this respect Nurse [5] has
drawn attention to the enhanced hydraulicity of

P206-stabilized j3-C2S. However, the detrimental
action of P2O5 on cement quality, attributed by
Nurse [1] to the elimination of C3S, may addition-

ally be due in some circumstances to the stabili-

zation of a'-C2S. A laboratory-produced clinker,

made from a plant cement raw meal containing
1.97 percent P2O5 and 2.0 percent K2O (ignition

loss 30.5 percent), contained a'-C2S as the main
phase provided the clinker was cooled rapidly

after ignition. The compressive strength of this

cement was found to be correspondingly low.

a!'-C2S has also been identified in a plant-produced
cement of recent manufacture. It is possible that

one of the beneficial effects of fluorspar addition

to phosphatic cement raw meal as practiced in

Uganda consists in reducing the content of "active"
phosphate below the limit for a'-C2S stabilization.

The situation is of course complicated in practice

by the simultaneous presence of several minor
components.

Effect of Fluorine

The addition of fluorine as fluorspar to C2S was
ineffective in stabilizing a' or a-C2S, the products
in presence of 0.81 percent or 1.7 percent fluorine

being a mixture of /3 and 7-C2S. This was in con-
trast to the behavior of C2S in the presence of C3S
and fluorine together, as described subsequently.

Supplementary Studies

Attempts to prepare q:'-C2S by addition of K2O,
aiming at the composition KC23S12, were unsuc-
cessful. Only /3-C2S was obtained in these experi-

ments in contrast to the results obtained by
Suzukawa [10].

Toropov, Volkonsky, and Sadkov [11] have
claimed that a j8' form of C2S exists in addition
to the established 7, /?, a' and a forms, and this

has also been investigated. Heating for 65 days
at 600° failed to produce any change in 7-C2S.

X-ray analysis at ascending temperatures as

shown in table 1 gave no indication of a new
polymorph.

Figure 1. Compressive strerigth (on 1:3 mortar cubes)

of preparations on the join C2S-C3P, showing effect of CjS
polymorphism.

Table 1. Results of high-temperature X-ray analysis
0/C2S

Temperature X-ray identifi-

cation

Room temp. y

"C
800 —

-

y
7+trace a'

a'
a'
a'
a'
a'
a

900- -

1000 -
1100 -

1200 -

1300—
1400
1600 ---

Tricalcium Silicate

Effect of Phosphate

Phase equilibria in the system CaO-Si02-P205
are being studied by Gutt [12], and this work pro-
vided compositions for the experiment. The com-

positions chosen lie on a hypothetical join C3S

—

(24.lC3P-75.9C2S), the latter being the composi-

tion (wt percent) at the maximum on the liquidus

curve in the system C2S-C3P [9].
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Experimental Procedure

The preparation of the mixes followed the de-
scription given earlier for the phosphatic C2S
preparations, except that the ignition time was
extended to 60 hr and samples were pelleted and
steamed during the heat treatment. The samples
were then submitted to strength tests as described
for phosphatic C2S, to free lime analysis, and to

X-ray examination.

Results and Discussion

The composition, free lime content, and phases
identified in the X-ray diffraction patterns of the
mixes are given in table 2, and the compressive
strengths in figure 2. The X-ray diffraction pat-
tern in mixes with 2, 3, and 4 percent of P2O5 was
characterized by an overall increase in the line

spacings, denoting a decrease in the unit cell

volume as compared with C3S. The line shift was
observable at 1 percent P2O5 and was at a maxi-
mum at 2 percent P2O5, no further shift being
detectable in mixes of higher P2O5 content. At
1 percent P2O5, a:'-C2S was also present and it

grew in quantity as the proportion of P2O5 in-

creased. Figure 6 gives the X-ray diffraction

pattern of the composition containing 2 percent
P2O5 side by side with the pattern given by a
mixture of 85 percent pure C3S and 15 percent
(wt) a'-C2S. The a-CS, stabilized by P2O5, was
added to serve as a quantitative standard for this

phase in the experimental mixes. The fixed posi-

tion of the a' pattern in the two films also em-
phasizes the relative shift in the C3S lines.

As phosphate is added to pure C3S, compressive
strength at first falls, but as the addition continues
it again rises at the composition 71.7 CaO, 26.3
Si02, 2 P2O5 (weight percent), giving by a small
margin the highest strength in the series at 3, 7,

Table 2. Effect of phosphate on C3S: composition of mixes
studied and phases present: {duplicated preparation en-
closed in brackets)

Composition
X-ray identification Analytical »

free CaO
P2O5 CaO Si02

1

[1

2

[2

3
4

wt. %
72.7
72.7
71.7
71.7
70.6
69.6

wt. %
26.3
26.3]
26.3
26. 3J
26.4
26.4

CaS+a' C2S
CzS+a' C2S
CsS+a' CzS
CjS+a' C2S
CsS+a' C2S
C3S+much-ct'-C2S

wt %
nil

nU
0.1
.1

not det'd
not det'd

» Glycerol alcohol method, W. Lerch and H. H. Bogue, Ind. Eng. Chem.
Anal. Ed. 2, 296-8 (1930).

and 28 days. Further addition of up to 4 percent
P2O5 is detrimental to strength.

In interpreting these results, allowance must
be made for the increasing amount of a'-CaS
occurring in mixes of increasing P2O5 content.

In the 2 percent P2O5 mix, for example, the
a'-C2S content can be estimated to be about
30 percent by weight of the total. So far it has
not proved possible to isolate the individual
PjOs-containing C3S phase (or phases) for study,
and it has therefore been necessary to use mixes
containing one additional phase and draw deduc-
tions accordingly. Since the a'-C2S is compara-
tively inert hydraulically, the fall in strength in

the mixes progressing from 2 to 4 percent P2O5
can be accounted for by the increasing dilution

of the C3S phase with ahnost nonhydraulic ma-
terial. The 2 percent P2O5 mix, although diluted

with some 30 percent of a'-C2S, gives strengths

comparable to pure C3S, so that the form of C3S
present in this mix can be considered to possess

enhanced hydraulic value. Between this form of

C3S and pure C3S, however, an intermediate state

occurs in the 1 percent P2O5 mix resulting in

decreased hydraulicity.

FiGTJBE 2. Compressive strength {on 1/2" 1:3 mortar cubes) of preparations on the join C3S-
(24.1 C3P, 75.9 C2S wt %) in the system CaO-SiOj-PjOs.
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From the experimental work conducted to date
it seems most probable that C3S can take up a

maximum of about 1 percent P2O5 in solid solution,

but the results could also be interpreted on the
basis of a 3 to 4 percent solubility of CaO in C3S.
The strength results may be explainable when
further mixes in this region of composition have
been examined. In this instance it seems that

the increased reactivity of C3S may be due to

lattice distortion rather than true polymorphism.

Effect of Fluorine

Experimental Procedure

As in the preparation of phosphatic C2S, the
finely ground components, CaCOa, crushed quartz,

and fluorspar (99 percent pure), were mixed and
pelleted, the components being proportioned to

give a weight percentage composition between
C3S and fluorine. The heat treatment, however,
was conducted in a closed tubular furnace de-
signed to minimise the loss of volatile components.
As expected from earlier work, a proportion of

fluorine was lost during ignition, as indicated in

table 3. The ignited products were analysed for

free lime and fluorine content, and submitted to

X-ray examination. Strength tests were de-
termined as for the phosphatic C2S preparations.

Table 3. Effect offluorine on C3S: analytical fluorine and
free lime in mixes studied

Nominal composition Actual fluo-

rine content

"

Free CaO

C3S F
(±0.02)

wt % wt % wt % wt%
99. 76 0. 25 0.22 1.8
99.6 .5 .38 Nil
99.4 .6 . 51 0.3
99. 26 0. 75 .74 .6
99.0 1.0 .88 Nil
98.0 2.0 1.73 0.1

» Method based on those of H. H. Willard and O. B. Winter. Ind. Eng.
Chem. Anal. Ed. 6, 7 (1933), and W. F. HUlebrand and O. E. F. LundeU,
Applied Inorganic Analysis, 2d Ed., 744, Chapman and Hall, London,
(1953).

Results and Discussion

The analytical results are given in table 3, and
the strength results in figure 3. It was found
that fluorine greatly accelerates the formation of

C3S. Whereas for complete reaction pure C3S
requires heating at 1,550 °C for about 60 hours,
a fluorine content of 0.2 percent reduces the
heating period to 2 hours or less. As fluorine

content increases there is a progressive change in

the X-ray diffraction pattern from that of C3S
towards that of ahte. Triplets and doublets in

the characteristic triclinic C3S pattern tend
towards single lines associated with the alite

pattern. The greatest change from a pure C3S-
type to an alite-type pattern occurred in the
interval between 0.38-0.51 percent fluorine, and
the pattern at 0.74 percent fluorine is the nearest

4000 r

qI 1 1 1 1 1

0 0-4 0-8 1-2 !•£. 2-0

FLUORINE CONTENT (ut %)

Figure 3. Compressive strength {on 112" 1:3 mortar cubes)

of C3S preparations with different Uuorine content.

to that of alite found in this series (flg. 7). With
still higher fluorine content, q:'-C2S and a-C2S
patterns appeared. Stabilisation of a - and a-

C2S by fluorine alone has not been previously
reported, and attempts to stabilise these forms
with fluorine in the absence of C3S were unsuc-
cessful, resulting only in the formation of a
mixture of 7 and /3-C2S. It has been suggested

[5] that C2S is stabilised by CaO, and if the C3S
is regarded as a source of excess CaO the fluorspar
may well be acting as a flux to aid the incorpora-
tion of excess CaO in the C2S lattice. The com-
position given for the alite of normal portland
cement by Jeffery [13j is (CaO)64(Si02)i6Al203MgO,
and the production of a material containing
neither AI2O3 or MgO which gives an X-ray dif-

fraction pattern somewhat similar to that of alite

is therefore noteworthy.
Apart from some anomalies in the 28-day

results which have so far not been accounted for,

the compressive strength results given in figure 3

show that as fluorine content increases the com-
pressive strength of C3S decreases. Although
some a'- and possibly a-C2S, as detected in mixes
of fluorine content above 0.74 percent, must con-
tribute to the overall fall in strength, the major
effects are thought to be associated with the poly-
morphism of C3S. The present results indicate

that the effect of fluorine is not merely that of a
flux, but that structural changes are produced
which have considerable influence on hj^draulicity.
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Figure 4. Mineral composition of clinkers containing fluorine as determined by microscopic
point counts.

I'/o CiYPSUM ADDED

0 4- 0 fc 0'3 10 U

Figure 5. Compressive strength {on 112" 1:3 mortar cubes) of cements with different fluorine
content.

It had been previously observed in laboratory
experiments on the addition of fluorspar to

phosphatic clinkers that compressive strength did
not rise proportionately to "C3S" content. This
is illustrated by figures 4 and 5. Figure 4 shows
the mineralogical composition of the clinkers as

determined by microscopic point counting, and
figure 5 gives the corresponding strength results

with various gypsum additions. The raw meal
analysis from which this series of fiuorinated
clinkers was prepared is given in table 4. The
lack of correlation between "C3S" content and

strength finds a partial explanation in the experi-

mental results of fluorine addition to pure C3S.

Thus fluorine facilitates the formation of C3S, but
the fiuorinated phase becomes less hydraulic, and
the net effect of fluorine addition to clinker is

beneficial only if the advantage of greater quantity
outweighs the loss in quality.

In figure 5 two features are remarkable. First,

the strength of the cement falls to a minimum in

the region of 0.8-1.27 percent fluorine content,

and then rises again at higher fluorine levels.

This behaviour suggests that optimum perform-
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Table 4. Fluorinaied clinker series: analysis of cement raw
meal

SIO2-
FesOa
AhOa
TiOi
MnzOs
CaO
MgO:
NajO
K2O
PzOj -

F
Total S

Sulfate (SO3)—

.

Sulfide (S)

Loss on Ignition

CO2
Loss at 110 °C._

%
12.62
4. 03
2. 79
0.22
.23

42. 94
0.89
.65

1.72
1.62
0.27
.49
.34
.07

31.31
28.88
0.70

ance of the cement could be achieved, at least

under laboratory conditions, by careful control
of the phosphate and fluorine content, and equally
that considerable falls in strength might occur
through unsuitable proportioning of these com-
ponents. The second feature in figure 5 is the
marked effect that the gypsum addition has on
strength development. It can be seen that the
minimum strength region referred to above is

particularly accentuated by increased gypsum
addition, although the reasons for this are obscure.
The results do, however, emphasise the importance
of the minor components in modifying the be-
haviour of an actual cement composition through
their effect on the principal constituents.

Decomposition of C3S

Until recently C3S occupied a unique position in

silicate chemistry. Early investigators claimed
that the pure compound is formed only in a solid-

state reaction between CaO and C2S at tempera-
tures above 1,250 and below 1,900 °C, at which
temperature it again dissociates in the solid state

into CaO and C2S. It has since been established

by Welch and Gutt [7] that C3S does not decom-
pose at 1,900°, but that it melts incongruently at

2,070° to form CaO and liquid. In fact the C3S
primary phase field in the system CaO-Si02 ex-

tends from the eutectic with C2S at 2,050 °C,
69.5 wt percent CaO, to the incongruent boundary
with CaO at 2,070 °C, 71.5 wt percent CaO.
These results are supported by new work on the
system CaO-C2S-C3P, in the course of which Gutt
[12] has explored the liquidus surface and found
that the primary crystallization field of C3S ex-

tends to about 13 percent P20,5.

The lower temperature limit of C3S stability has
been regarded [14] as 1,250°, but this has been
questioned by Yannaquis [15] and by Yamaguchi
and Miyabe [16]. The former author maintains
that only impure C3S is decomposed at low tem-
perature, and the latter authors state that they

were able to cool C3S slowly from 1,550 to 1,000 °C
without decomposition. It must be remembered,
however, that the actual rate of decomposition is

very slow, and can only be detected by analysing
the small quantities of free lime liberated over a
period of many hours. In the present work the
separate effects of phosphate and fluorine on the
stability of C3S in the region of 1,250 °C have been
studied, and in both instances decomposition has
been observed.

Eflfect of Phosphate

The composition 71.lCaO,26.9Si02,2P205 (wt
percent) was heated for about 100 hr in turn at
descending and then at ascending temperatures,
free lime determinations being made between igni-

tions. Decomposition occurred between 1,160 (no
free lime) and 1,050 °C (appearance of 1.4 percent
free lime). On reheating, a reduction of 0.2 per-

cent free lime occurred between 1,160 and 1,210

°C, thereby locating the decomposition tempera-
ture at approximately 1,160 °C. The stability

range of C3S therefore would appear to be slightly

prolonged by the incorporation of phosphate.

(a)

(b)
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Figure 6. X-ray photographs obtained in Guinier type focusing camera, CuKa radiation,

showing shift in C3S pattern due to phosphate.

(a) Composition 2P2O5, 71.7 CaO, 26.3 SiOj, Wt. %.
(b) Mixture of pure CsS (85%) and a'-CiS (15%).
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Figure 7. X-ray photographs obtained in Guinier type focusing camera, CuKa radiation,

showing change towards alite in (CsS^fluorine) Wt% compositions.

(a) CsS (Pure).
(h) CsS (0.38 F content).
(c) CiS (0.51 F content).
(d) C3S (0.74 F content).
(e) Alite (Cs^SieAM).

Effect of Fluorine

For C3S containing 0.75 percent fluorine, decom-
position was first observed at 1,230 °C and oc-

curred readily at 1,170 °C. At the latter tempera-
ture 3.9 percent free lime was liberated after 1 hr
diiring which the fluorine content had become
reduced to 0.64 percent. The free lime had risen

to 16 percent and the fluorine level dropped to

only 0.06 percent after a period of 16 hr at

1,170 °C. Clearly fluorine greatly accelerates the

rate of decomposition below the stability limit

just as it promotes rapid combination above, and
this point should be considered as one of practical

importance in relation to slowly cooled fluorinated

clinkers.

Conclusions

Early studies of cement constitution emphasised
that gross chemical composition could only be
related to cement performance by discovering the
actual cement compounds produced in the clinker,

and then evaluating their separate contributions
to the overall behaviour. Of necessity the com-
plexity of phase equilibrium studies has concen-
trated attention on the four basic components
CaO, AI2O3, Si02, Fe203, and the four major phases
produced by their combination in clinker compo-
sitions. In this way perhaps there has grown up
a tendency to regard the four major phases as
possessing rather rigid characteristics, only influ-
enced to a minor degree by the presence of the
lessor components in the raw material.
We have now progressed to the stage where we

can recognise that a knowledge of the chemical
composition of the major phases is not sufficient
to define their qualities, and that atomic arrange-
ment plays an extremely important part in

determining the way in which water wUl enter

into the crystal lattice and develop hydraulicity.

It is in this role of modifying the crystal lattice

that the minor components play such an important
part, one which is quite out of proportion to their

quantitative representation in the clinker.

If the significance of the minor components in

cement clinker has been underestimated in the
past, it is hoped that this contribution will help

to underline their importance. It may also

disabuse us of any idea that the constitution of

clinker in terms of four major compounds gives

us anything like a complete picture of predictable

cement behaviour. Rather does it provide a

working sketch from which we have still to fill in

much of the detail.

The investigations which have been described
were undertaken with the cooperation and finan-

cial support of Uganda Cement Industry Ltd.
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Discussion

C. A. White

This paper draws attention to a particular

field of great importance on wlaich there has been
little previous published work. The authors
have stated a very special case largely connected
with the combination of the effects of both phos-
phate and fluoride. Ershov [1]^ has already

' Figures in brackets indicate the literature references at the end of this
paper.

published some unusual results on the additions
of phosphate to cement raw materials. So far

no mechanism for the increased hydraulicdty
has been proposed. The two main possibilities

would appear to be, increased free surface energy
of the mineral crystal faces due to the deformation
of the crystal lattice by interstitial emplacement of

the minor components, alternatively an effect

whereby nucleation or crystal growth is controlled

to give smaller crystals [2]. It would be of interest

to know if the authors have noted any effect on tlie

crystal size during their microscopic examinations.
Graphs are given showing the influence of

fluorine on phosphate-containing clinkers in re-

lation to gypsum addition and compressive
strength. No evidence is given for any effects on
setting times of these cements. The use of

fluorine as an additive to raw meal has been
variously recommended and condemned, and
included in certain patents for many years.

Its use in shaft kilns has been studied over the

past six years and it has been found that 0.2 to

0.3 percent of fluorine results in twenty to twenty-
five percent higher compressive strengths for

cement compositions from sulfate resistant to

13 percent alumina content. However, it has
been noted that fiuorinated clinkers of this com-
position show different setting times when ground
hot or cold, in direct relationship to the com-
pressive strengths. Laboratory cold ground clink-

ers having a final setting time of I/2 hr will give
25 percent more compressive strength and yield

a final setting time of approximately 5 hr when
milled under normal production conditions.

Heating of the cold ground cement produces a
similar change. Temperature studies indicate

that this is connected with formation of hemi-
hydrate, but in the presence of fluorine no false

setting or change of consistency is noted. This
connection of fluorine and setting suggests that

apart from effects reported by Toropov et al., [3]

the fluoride ion may be complexing with aluminum
and acting as a carrier in its aqueous reactions.

The general effects of such small amounts of

certain minor components, there being evidence
for others than phosphate and fluorine, and their

influence on compressive strengths, heats of

hydration and other properties are of extreme
interest when it is considered that such quantities

freely occur in many cement raw materials at

present in use. Much further work on these lines

is obviously required.
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Closure

J. H. Welch

We would like to take this opportunity of reply-

ing to the comments made by Mr. White on this

paper. Our object in presenting the strength re-

sults obtained on fluorinated clinkers was princi-

pally to emphasise the danger of assessing cement
quality solely by mineralogical examination with-
out also checking on the actual strengths obtained.

We realised that in so doing we were presenting
data which to say the least appeared unusual, and
for which we have not so far been able to find a
satisfactory explanation. We felt, however, that
the results were so interesting that they should be
presented with the object of stimulating interest

and discussion. On the points specifically men-
tioned by Mr. White we can give little help be-
cause no observations on setting time were made,

except that it was observed that no set appeared
to take place in the samples for which zero strength
at all ages was reported. The mineralogical point
coimts revealed no outstanding differences in crys-
tal development within the series as a whole, and
this in turn appeared quite normal when compared
with the appearance of typical factory produced
clinkers.

Mr. White's observations on strength and set-

ting time relationships, and in turn their relation
to grinding temperature, must lead us to a more
careful examination of these factors. It is some-
what disconcerting to find that an apparently well-

burnt clinker might be very largely influenced in

its cementing behaviour by the manner of the gyp-
sum addition. Our view is that the gypsum addi-
tion during the grinding of cement clinker tends to
be made somewhat empirically in normal circum-
stances, and that for fluorinated clinkers the opti-

mum performance of the cement requires a much
more rigorous appraisal of the problem than has
hitherto been attempted.

68



Paper 11-82. X-Ray Diffraction Examination of Portland Cement
Clinker*

H. G. Midgley, D. Rosaman, and K. E. Fletcher

Synopsis

Two methods of determining the mineral composition of portland cement chnker are
discussed, both of which depend on X-ray diffraction analysis. Tlie first is a modified method
of compound calculation from the oxide chemical analysis, Icnowing the composition of the
ferrite phase from an X-ray diffraction analysis. The second is compound analysis by
direct X-ray powder diffraction using a counter spectrometer.

A comparison between the modified calculation, direct diffractometry and the more
usual Bogue method shows that there is a better agreement between the first two than
between the latter and either of the first two.

The greatest errors in the Bogue method appear in those cements with the lowest C3A.
In these cements the ferrite appears to be richest in CoF which makes the Bogue estimate
of C3A too low. In these cases the direct diffractometry is not yet entirely satisfactory,

owing to interference.

Resume

Cet expos^ pr^sente la discussion de deux m^thodes pour determiner la composition
minerale du clinker de ciment Portland; toutes deux dependent de I'analyse a I'aide de la

diffraction des rayons X. La premiere est une methode modifiee du calcul des composes
a partir de I'analyse chimique des oxydes lorsque la composition de la phase ferrite est connue
grace a une analyse a I'aide de la diffraction des rayons X. La seconde, qui utilise un spec-
trometre a compteur Geiger, est une analyse des composes par diffraction directe des ra3'ons

X par la methode a poudre.
Une comparaison entre le calcul modifie, la diffractometrie directe et la methode de Bogue

plus habituelle, montre qu'il y a du meilleur accord entre les deux premieres qu'entre cette
derniere et I'une ou I'autre des deux premieres.

Dans la methode de Bogue les plus grandes erreurs se montrent avec les ciments de
moindre teneur en C3A. C'est dans ces ciments que le ferrite semble etre le plus riche en
C2F, ce qui rend trop basse revaluation de Bogue. Dans ces cas-ci la diffractometrie directe
n'est pas encore completement satisfaisante a cause d'interference.

Zusammenfassung

Zwei Methoden fiir die Bestimmung der Mineralzusammensetzung der Portlandze-
mentklinker, die beide auf einer Analyse der Rontgenstrahlenbeugung beruhen, werden
erortert. Die erste Methode ist eine Spezialberechnungsmethode, die man anwenden kann,
wenn man die chemische Oxydanalyse und die Zusammensetzung der Ferritphase von
einem Rontgenstrahlenbeugungsdiagramm kennt. Die zweite Methode ist eine Verbindungs-
analyse durch eine direkte Herstellung eines Rontgenpulverdiagramms, in der man ein

Spektrometer mit Ziihler benutzt.
Ein Vergleich zwischen der modifizierten Berechnung, der direkten Beugungsmessung

und der gewohnlich angewandten Bogue Methode zeigt, da(5 die ersten beiden Methoden
besser miteinander iibereinstimmen, als mit der Bogue Methode.

Die groCten Fehler treten in der Bogue Methode bei Zementen mit kleinsten C3A-
Gehalten auf. In diesen Zementen ist der Ferrit augenscheinlich im C2F angereichert, und
das bringt hervor, da(5 die Bogue Abschatzung zu klein ausfallt. In diesen Fallen ist die
direkte Beugungsmessung noch nicht ganz zufriedenstellend, da Interferenz auftritt.

Introduction

The normal Bogue [1] ' method of calculating
the compound content of a cement assumes that
there is complete combination between raw
materials at maximum temperature in the kiln,

and that the clinker formed is cooled slowly so
that chemical equilibrium is maintained. The
formulae for the Bogue system show the four
constituents to be linear mathematical functions
of the chemical analysis. As a result, if some
property such as strength is to be related statisti-

*Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the Puilding Research Station, De-
partment of Scientific and Industrial Research, Watford, England.

I Figures in brackets indicate the literature references at the end of this
paper.

cally to composition, it follows from the mathe-
matics that an analysis in terms of the Bogue
constitution is no more informative than one in

terms of the simple oxide analysis but it gives a

more enlightened picture of the function of

chemical composition in cement technology.

As a result of the study of the quaternary
system CaO-vSi02-Al203-Fe203 by Lea and Parker

[2] it became possible to correct the Bogue treat-

ment for possible deviations from equilibrium

which might result from rapid cooling or separate

crystallisation of that part of the clinker which
had been liquid at the burning temperature.

In drawing up formulae for calculating compound
composition it is assumed that the minerals
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identified in cement clinker are exactly the same
as those found in phase rule studies using pure
chemicals. This leads to two sources of error.

Firstly, in real cement there are present the
so-called minor constituents such as alkalis,

FeO, MnO, and SO3; these alter the relationship

between the main cement compounds and, by
entering into solid solutions with them, alter

their nature as well as the amount present.

Secondly, even in pure mixtures the cement com-
poimds dissolve in each other to some extent.

Examples of the first kind are given by Welch
and Gutt [3]. The best known example of the
second is shown by the fact that the iron com-
pound is not necessarily C4AF, but a member of

a solid solution series of variable composition
[4-7]-

To overcome these difficulties, either the com-
position of the ferrite must be determined before
calculation, or a direct method of estimating the
cement mmerals must be emplo3"ed. The only
suitable way available for either ferrite composition
determination or direct compound determination
is X-ray powder diffraction. Midgley [8, 9] has

shown that the ferrite composition may be de-
termined by reference to the parameters of the
ferrite solid solutions; Von Euw [10] and Cope-
land et al., [11] have shown that X-ray diffraction

methods may be used to determine the phase
composition. When the ferrite composition is

known the oxide chemical analysis may be used
to calculate the phase composition in the modified
Bogue method as follows. First the composition
of the ferrite phase is determined from powder
X-ray data; all the FcaOs m the chemical analysis

is assigned to 2CaO-Fe203 with which the appro-
priate amount of CaO and AI2O3 are then com-
bined to give the ferrite composition determined.

The remaining AI2O3 is assigned to C3A; then

the remaining CaO and SiO^ are combined in

the normal Bogue manner to form 3CaO-Si02
and 2CaO-Si02.

This paper will present investigations by X-ray
methods into the two important questions, de-

termination of ferrite composition and direct

measurement of phase composition by X-ray
powder diffractometry.

IMeasurement of Ferrite Composition

It is usually accepted that the ferrite phase in

Portland cement lies in the solid solution range
C6AF2-C6A2F. The determination of the com-
position of this phase is not possible by chemical
analysis for it is impossible to separate the ferrite

from the other cement phases. It is therefore

necessary to use an indirect physical measurement
as an indication of the composition. Three pos-
sible physical properties that might be used are

refractive index, magnetic susceptibility and X-ray
diffraction. Parker and Ryder [12] used the re-

fractive index method to determine the composi-
tion of ferrites in high-alumina cement clinkers,

but unpublished data of Midgley and Ryder [13]

did not give reliable results for portland cement
clinker. Magnetic susceptibility measurements
have not been used on portland cement clinker,

for although Malquori and CirUli [6] showed that
there was a direct relationship between ferrite

composition and magnetic susceptibility, the
measurement of susceptibility of a cement would
not give a measure of composition without know-
ing how much of the constituent was present. In
the case of portland cement clinker both composi-
tion and quantity are equally unknown. There
remains the X-ray diffraction method. It was
shown by Midgley [8] that the composition of the
ferrite phase could be determined from the lattice

parameters measured in the powder X-ray diffrac-

tion pattern.

Three methods of measuring these parameters
have been suggested: firstly on a magnetically
separated fraction [8, 9] by measuring the 202 re-

flection at 1.94 A; secondly on the normal cement
clinker by measuring the 141 reflection at 2.63 A
[11, 14]; or thirdly, on a chemically separated
fraction [15].

Nothing more need be said about the first two
methods but the third method due to Fratini and
Turriziani has been further investigated and the
results are given below.

Fratini and Turriziani described a reagent con-
sisting of 25 cm^ water, 65 cm^ ammonia, and 10 g
ammonium citrate which preferentially dissolves

the silicates from portland cement, leaving a resi-

due consisting mainly of C3A and ferrite. They
used the method in order to obtain better X-ray
powder diffraction patterns of the ferrite phase
than was possible from the original cement.
The treatment they describe consists of shaking

1 g of the sample of cement with 100 cm^ of the
reagent for 12 lir. The solution is decanted from
the residue and the residue shaken with a further

100 cm^ of reagent for a further 12 hr. The
residue is filtered off on a sintered glass crucible,

washed rapidly with ammonia and dried at 110 °C.

Their residue varied between 34 and 38.7 percent.

Keil and Gille [16] have pointed out that the

aluminates are more sensitive to attack than the

aluminoferrites, while Fratini and Turriziani [15]

indicate that the aluminoferrites become less

sensitive to attack with increasing iron content.

The latter authors found that brownmillerite,

ground just to pass a 178 mesh sieve, dissolved

up to a maximum of 6 percent in 12 hr and that

the X-ray pattern of the residue was similar to

that of the original sample.
Data for the solubility of three ferrites, C6AF2,

C4AF and C6A2F, have been redetermined and
the results are given in figure 1. The rate of

solubility for C3A is even greater than for C6A2F.

Despite this, the method does give a concentration

of the ferrite and C3A phases in portland cements.

Fratini and Turriziani suggest that the ferrites in
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Figure 1. Comparative rates of solution of ferrites

{Ig solid!100 cm^).

Table 1. Weight percent of C2F in 15 clinkers, determined
by three methods

Clinker

A. 9.--

A. 10..

A. 20..

A. 35-.

A. 36..

A. 37.-

A. 39-.

A. 40..

A. 143.

A. F__.

A. 141.

A. 7...

A. 5---

A. 33..

A. US-

Camera;
magnetic
fraction

(1958)

202 reflection

(52)

(65)

39 (57)

66

66

66

39 (52)

56

39 (52)

54
39 (47)

3I («)

39
(55)

Direct
X-ray

diffraction

141 reflection

(51)

(54)

(52)

(55)

(57)

(55)

(66)

(56)

(55)

(68)

(59)

(62)

X-ray diffraction after Fra-
tinl and Turriziani ex-

traction

141 reflection

(57)

(56)

53
(55)

(62)

(52)

(69)

(57)

(60)

™ (58)

202 reflection '

42 ("6)

No distinct
peals:.

tl («)

^? («)

42 («)

62

45

No distinct
peak.

48

33
(35'

46
(56)

" The use of the 202 reflection is not very satisfactory for the diflractometric
techniques of using KBr or Si as an internal standard. Both KBr and Si

give peaks close to the ferrite 202 region; i.e., ferrites (46.6-47.6)° 26; KBr
45.60°2e, 47.74°2«; Si 47.30°2e.

0^:

EFFECT OF CHANGING WEIGHT
OF SAMPLE ADDED TO 100 C.C.

OF REAGENT.

0-2 0-3 0-4 0-5 0-6 0-7 0-8

WEIGHT OF SAMPLE IN lOOCC. OF REAGENT

CEMENT

0-9 1-0

GRAMS

TIME OF EXTRACTION WITH REAGENT

Figure 2. Comparative rates of solution of silicates

and C4AF.
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Portland cement are protected from attack by the

silicate phases. We would suggest the much more
rapid dissolution of the silicate phase can effec-

tively deactivate the reagent before solution of

the other phases has proceeded to any extent.

Further work on the chemical method has been
carried out, and we have found that a single

extraction carried on for about three hours can
leave a residue of about 22 percent whose X-ray
diffraction pattern indicates the complete removal
of crystalline silicate phases. This is effected by
reducing the initial concentration of the sample
in 100 cm^ of reagent to about 0.2 g (fig. 2).

The three methods outlined above have been
tried on 15 of the cements originally investigated
by Midgley [8] and the results are given in table 1

.

The experimental error in the composition is about
±3 percent C2F.
The results given by magnetic separation, by

direct diffractometry, and those given by the
141 reflection after chemical separation agree
reasonably, but the results given by measurement
of the 141 and 202 reflection on the same sample
disagree badly. This discrepancy may be due to

solid solution with some other component such
as MgO.

Direct Determination of Cement Composition by X-ray Diffractometry

The method used for the quantitative estima-

tion of cement compounds is based on the fact

that the integrated intensity of a reflection pro-

duced by X-ray powder diffraction is directly

proportional to the amount of the substance
producing it [17, 18].

In the method reported here the integrated

intensity of the diffracted beam is recorded by a

ratemeter using a Geiger-Miiller tube. The dif-

ferent diffracted beams are recorded on a rate-

meter recorder plotting intensity against 26; thus
the integrated intensity can be measured as the

area under the peak produced. The apparatus
used is the commercial Dutch Philips Diffractome-
ter. To obtain a reasonably small standard
deviation of the integrated intensity the powder
sample for the diffractometer must be ground to

less than 5^. Various methods are available

to carry out the grinding
;
agate pestle and mortar,

ball mills, or vibratory mills, but experience has
shown that all these methods either take too long
or require too large a sample. To overcome these

difficulties a miniature vibratory rod mill (fig. 3)

has been designed and built at the Building Re-

FiGURE 3. Vibratory micro-rod mill.

search Station, which will grind 0.3 g of sample
in isopropyl alcohol to less than 5^ in 2 hr.

It is usual to compare all intensities with that
produced by a fixed proportion of a suitable

internal standard. This eliminates differences

which might arise from sample to sample due to

the method of preparation. It was found that a
12 to 1 weight ratio of sample to potassium
bromide was satisfactory. In only one case has
potassium bromide proved unsatisfactory as an
internal standard, namely, for a cement contain-
ing calcium chloride. It is for such cases that
silicon as an internal standard would be preferable.

Silicon is much more difficult to grind than potas-
sium bromide and if the sample is not equally
ground, segregation may occur and there will be
discrepancies in the diffraction intensities pro-
duced. The micro rod mill will adequately handle
silicon mixes.
The samples were prepared by a loose packing

method in a standard sample holder to avoid
preferred orientation.

Mechanical mixtures of the four main cement
minerals, alite, /3-dicalcium silicate, tricalcium

aluminate, and ferrite were made. After re-

peated diffractometer traces, the average inte-

grated intensity of the compound (7c) divided by
the integrated intensity of the potassium bromide
peak (/kbf) was plotted against the percentage

of the compound present; these were the cali-

bration graphs.
In preparing the calibration graphs sixteen mix-

tures were used, eight containing alite, C2S, C3A,
and C4AF, four containing C3A and C3S, one
containing alite, /3-C2S, and C3A and three con-

taining alite and C3A. The standardization was
complicated by the presence of C3A in the alite

used. In work on the ferrite phase it was found
that, as a first approximation, the calibration for

C4AF could be used for ferrites of slightly differ-

ent composition. The calibration was extended

to the range C6AF2-C6A2F. The caUbration con-

stant for a composition within the range can be

found by interpolation.

The peaks used for the particular compounds
were as follows:
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CuKa radiation,

Alite 29.4° 20=3.04 A
Alite 30.0° 20=2.98 A
/3-C2S 31.]° 20=2.87 A
C3A 33.2° 20 =2.699 A

C4AF 33.5°-33.85° 20=2.67A.

The calibration graphs obtained were all straight

line plots passing through the origin.

Any interference due to adjacent peaks was
allowed for in the graphical interpretation of the
resulting pattern. In interpreting the patterns
produced by cements, frequent reference is made
to the original standard patterns, and also to

superimposed patterns of the four main cement
compounds.
The peak due to C2S at 31.1° 20 is weak and we

have attempted a different treatment for esti-

mating C2S. At 32.6° 20 and 34.4° 20 peaks
occur which are due to C2S and alite. The total

intensity is the sum of the individual intensities.

Standard graphs were prepared relating ///kef and
percent alite for these two peaks in the absence of

C2S, and standard graphs relating I/Ikbt and
percent C2S for these two peaks in the absence of

alite. The latter was checked by examining
standard patterns in which both alite and C2S
were present and subtracting the contribution
due to alite alone.

The method used for cements would be to esti-

mate ahte from the peaks at 29.4° 20, and 30.1° 20,

and to subtract the intensity due to alite alone
from the total intensity at 32.6° 20 and 34.4° 20.

The amount of C2S is determined from the residual

intensity. We do not always get good agreement

between the three results obtained for C2S and at

the moment our data for the peak at 34.4° 20 are

suspect. Two simultaneous equations can be
written for the interfering peaks and solved for

alite and C2S. These results are not always in

good agreement with results obtained on the other

peaks, and have only been used in interpreting

patterns obtained from set portland cement
mortars when the line due to alite at 29.4° 20 can
be obscured by calcite whose main peak occurs at

the same position.

At the moment there is some difficulty in deter-

mining low C3A contents in the presence of high

ferrite content since severe ferrite and /3-C2S inter-

ference means that no definite C3A peak need be
apparent, and at the time of writing this has not
been solved to our complete satisfaction.

Using the methods outlined in this note and
scanning each sample three times the following

coefficients of variation of the mean were obtained:

Alite, 5 percent

/3-C2S, 11 percent

C3A, 3 percent
Ferrite, 6 percent

The methods outlined have been used on two
series of cements, one of old cements (some more
than 25 years old) used by Midgley [8] in his work
on ferrites, and a second series of modern British

Portland cements of various kinds.

Result of X-Ray Examination of Cements

The results given by the three methods of compound determination are given in tables 2 and 3.

Table 2. Compound composition of old cement clinkers

\

\^ Cement No.

Compounds \
\

\

A.40 P. 893 A.5 539
S. R. P. C.

540
S. R. P. C.

520 512 Dg

Alite •

Dill «

Mod
Bogue

65

70

58
68

66

59

61

56
52

56

39
31

34.5

59

46

53

53

50

36

/3-C2S •

Diff
Mod
Bogue

13

7

16
7

8

11

9.1

17
20

17

32
41

38.3

16

29

21

22

30

37

C3A .

Diff
Mod
Bogue

11.5

9.5

3.7
5.8

2.5

13.5

15.4

4.8
3.0

0.7

4.5
4.7

0.9

11

9.6

12.1

10.7

14

15

Ferrite
Diff
Mod
Bogue

8.5

9.2

17.5
15.2

18

10.5

10.2

17.5
17

19

16.5
16.6

19.3

6.4

6.2

8.8

6.3

9

10

Ferrite comp., wt % C2F
by diffraetometer 141 re-

flection 57 66 54 62 67 56 66 56

(N.B. Where the C2F content is nearly equal to CfAF no modified calculation is shown as it would be the same as by the Bogue
calculation.)

" Diff =by Diffraetometer
Mod =by Modified Bogue calculation
Bogue=by Bogue calculation
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Table 3. Compound composition of modern British cement clinkers

^\ Cement
\ No.

\
CompoundsX^

(1) (2) (3) (4) (5) (6) (7) (8) (9)

572
O.P.C.

a

625
O.P.C.

580
R.H.P.C.

615
O.P.C.

561

O.P.C.
569

O.P.C.
597

L.H.P.C.
592

O.P.C.
A. S. R.
S.R.P.C.

Alite -

Diff
Mod
Bogue

53

47

54
42.5

42

49

44

53

48

43
42. 5

42

60

48

35

26

53
56

55

55

50
53

/3-C2S
Diff
Mod
Bogue

24

28

24
25

26

27

32

23

23

30
29

30

27

29

45

49

23
21.5

22

17
20

18

C3A .

Diff
Mod
Bogue

9.3

8.4

12.8
12.1

12.9

8.3

8.8

14. 5

13.1

9.8
10.0

10.9

9. 7

9.5

8.8

9.2

9.7
9.1

9.7

3.6
4.0

0.9

FerritB'

Diff
Mod
Bogue

9.5

9. 2

11.0
9.9

9.

2

6.2

6. 6

9.0

7. 3

12. 5

9.7
9.

0

7.6

6.

3

6.9

6. 6

7.5
6.1

5. 6

17.5
17.1

19. 6

Ferrite comp.,
wt % C2F 66 52 56 56 52 56 56 51 64

'O.P.C. = Ordinary Portland cement
R.H.P.C. = Rapid hardening Portland cement
L.H.P.C. =Low heat Portland cement
S.R.P.C. =Sulfate resisting portland cement

Conclusions

The great errors in the Bogue method appear in

those cements with the lowest C3A. In these

cements the ferrite appears to be rich in C2F, mak-
ing the Bogue estimate of C3A too low.

The diffractometry measurement of C3A in

these cases (539, 540, A.S.R.) is not yet satisfac-

tory but the modified calculation shows agreement
with the diffractometer estimate.

Although all three methods of estimating the

compound composition of portland cement clinker

are still subject to errors, there appears to be a

better agreement between the modified method of

calculation from chemical analysis and direct

diffractometry, than between the Bogue method
and either of the other two.
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Discussion*

D. L. Kantro, L. E. Copeland, and
Stephen Brunauer

Quantative Analysis of Portland Cements by
X-rays

Over the past few years, experimental work has
been performed at a number of laboratories

throughout the world in an effort to apply the

method of X-ray quantitative analysis to portland

cement. Much of this work has already been
discussed by Dr. Nurse. However, at the time
of his writing, Dr. Nurse did not have at his

disposal our paper on an extension of our pre-

viously published quantitative method combining
X-ray and chemical data [1]' to the pure X-ray
method [2]. We should like to discuss the results

of this latter work, including data heretofore un-
published, on a recently analyzed group of cements.
In addition, we should like to present a few side-

lights arising from our investigations in this field.

Experimental Problems in X-ray Cement Analysis

The X-ray diffraction pattern of a portland
cement involves many complexities. A portion

of a pattern of a normal portland cement is repro-

duced in figure 1. A number of strong lines are

evident, one of which, at 2.71 A (33°2&) represents

tricalcium aluminate, and one, in the vicinity of

2.67 A (33.7°2S) represents the calcium alumino-
ferrite solid solution phase. ^ The ferrite and
aluminate lines overlap, so that the area designated
as "tricalcium aluminate peak" in figure 1 con-

tains a considerable contribution from the ferrite

phase. In spite of this serious overlap problem,
we had to use these lines, because we were unable
to find other lines of either of these materials
sufficient]}^ strong and sufficiently unhampered as

to be useful for quantitative analysis.

The ferrite-aluminate overlap problem is com-
plicated by the fact that the amount of overlap
depends upon the composition of the ferrite solid

solution phase. 'This composition can be expressed
in terms of the A/F ratio of the phase. The
c?-spacings of the ferrite phase lines are dependent
on the A/F ratio, and may be used for the evalua-
tion of this quantity. For the whole cement,
only the line at 2.67 A rray be used, but if the
cement is fractionated, either chemically [3,4] or

magnetically [3], other lines may be used. How-
ever, there is always the possibility of a dispropor-
tionation in a separation procedure, if the ferrite

phase is not homogeneous. The A/F ratio may
also be evaluated from combined X-ray intensity

* This discussion discusses papers n-l, "Phase Equilibria and Constitu-
tion of Portland Cement Clinker" by R. W. Nurse, and II-S2, "X-Ray
Diffraction Pattern of Portland Cement Clinker" by H. G. Midgley, D.
Rosaman, and K. E. Fletcher.

' Figures in brackets indicate the literature references at the end of this
paper.

' All angles refer to locations of reflections obtained with CuKa radiation.

and chemical data [1]. In a pure X-ray method,
however, a (/-spacing determination must be used.
The other strong lines in the pattern shown in

figure 1, besides the silicon line, are due to the
calcium silicates. Actually, each of these strong
lines contains a contribution from each of the
silicates: only a weak line, at 31 °2^, is due to but
one of the silicates, /3-dicalcium silicate. Thus, a
serious overlap problem exists for the silicates as
well. However, because of the relatively numer-
ous strong lines of these constituents of portland
cement, some selection of lines is possible.

Thus, there are three basic experimental prob-
lems associated with the X-ray quantitative
analysis of portland cement. These are: (1)

resolution of the C3A and ferrite phase lines, (2)

precise determination of the c?-spacing of a ferrite

line, and (3) selection of suitable silicate lines.

It would seem that the difi^erences in results

reported by various investigators are based on
the difi^erent attacks on these three basic p,roblems.

There is a fourth problem, though not as serious

as those enumerated above, the selection of a

suitable internal standard. Von Euw [5] used

the 2.81 A line of NaCl; Midgley, Rosaman, and
Fletcher [3] used the 3.30 A line of KBr. During
the first year of our investigations we also used
the latter as the internal standard, but we dis-

carded it later in favor of the 3.14 A line of

silicon. Because of the height of the KBr peak
relative to the heights of the cement compound
peaks, a weight ratio of 0.05 g of KBr/g of cemept
was used; when we substituted silicon, we could

use twice as much internal standard. This has

resulted in a larger area for the silicon line, and

2S 30 32 34

BRAGG ANGLE. 2e

Figure 1. X-ray diffraction pattern of a portland cement.
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in an improved precision of the data. In addi-
tion, it was not infrequent that we obtained
anomalously high peaks with KBr, perhaps be-
cause of concentration of KBr in the surface

layer of the mixture. Whatever the cause, this

difficulty has not bothered us since we use silicon

with the technique described earlier [2].

Calibration With the Internal Standard

In general, the calibration procedure is to ob-
serve intensity ratios for known weight ratios of

cement compound to standard. However, it is

equally important that the characteristics of the

patterns from which the calibration data are

obtained are as nearly like those of cement pat-

terns as is possible. This is necessary not only
because of the overlap between ferrite and C3A
lines, but also, as will be seen later, because we
could not obtain linear relationships between rela-

tive intensities of lines and weight ratios of the

silicates. Thus, one cannot simply make binary
mixtures of each cement compound with internal

standard and get usable data. Von Euw [5],

Midgley and his coworkers [3] and ourselves [1]

have all calibrated from mixtures of the cement
compounds in proportions such as occur in port-

land cement.

•-3 CaO • AliOj Max

31,0 32.0 33.0 34.0 35.0 3 6.0

BRAGG ANGLE (aS-CuKoi)

Figure 2. X-ray diffraction patterns of calcium aluminofer-
rites.

1. The calibration of the ferrites and aluminates
requires, as was pointed out above, a consideration
of the complex overlap situation that exists. As
a first approximation, one may consider that the
overlap correction may be obtained by a simple
graphical procedure such as is illustrated in figure

1. Such a graphical procedure was used by
Midgley, Rosaman, and Fletcher [3]. If this is

the case, the calibration equations would take the
form

C^=M it^i^Rf (1)

where Pp/Po is the weight ratio of ferrite to in-

ternal standard, is a proportionality constant,
and Rf is the intensity ratio of the ferrite line to

the standard line.

On the other hand, the fact of the matter is that
the ferrite region, actually composed of two ferrite

lines, may strongly overlap the C3A line and ex-

tend to even lower angles than that at which the
C3A peak occurs, as can be seen from figure 2.

Thus, there may be an intensity contribution to

the apparent C3A peak which cannot easily be cor-

rected graphically. As a second approximation,
then, some equation may be set up to account for

this phenomenon. We have adopted an empirical
form

^=dRF+giy)RA] (2)

where g{v) is a function of v, the molar A/F ratio,

and Ra. is the intensity ratio of the C3A line to

standard line.

Midgley, Rosaman, and Fletcher [3] found it

expedient in their calibration to use C4AF to

represent all of the ferrites. As a first approxi-
mation, over a narrow molar A/F ratio range about
unity, this is a simple and straightforward approxi-
mation, represented by eq (1) with /x independent
of A/F ratio. Over the entire range of A/F values

from 0 to 2, however, ^ is not independent of A/F.
Smith [6] has shown that there are A/F-ratio de-

pendent intensity variations in ferrite diffraction

lines, these variations being the results of crystallo-

graphic changes in symmetry caused by the siib-

stitution of aluminum for iron in C2F. The de-

pendence of n on A/F ratio is of course a result of

this phenomenon, and is illustrated in figure 3,

the data for which were obtained from binary

mixtures of CjF, CgAFa, C4AF and CeAaF with

silicon. With the dependence of on A/F ratio

taken into consideration, eq (2) becomes

^=g,(v)[PF+g2iv)RA] (3)

where gi{v) and g2{v) are both empirical functions

of V, the A/F ratio. The use of such an equation
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avoids introduction of a systematic error propor-
tional to the deviation of the A/F ratio from unity,

which would result from the assumption of a /x

value independent of the A/F ratio.

A similar expression may be set up for C3A,
wherein, however, the quantity /x' is independent
of A/F ratio. Thus

(4)

where Pa/Po is the weight ratio of C3A to internal
standard and /(i') is some empirical function of the
A/F ratio. In this equation is corrected for

the overlapping ferrite line in such a way that
systematically high C3A results are avoided in low
overall A/F ratio cements.

2. The calibration of the silicates presents a
different problem. As was stated before, all of

the strong lines of either silicate coincide with
lines of the other.

There is a reasonably strong line at 29°2d, which
is predominantly a C3S line, though C2S also

makes a contribution to it. For equal weights of

C3S and C2S, the contribution of C3S to the in-

tensity of the line is about 8 times that of C2S.
Midgley, Rosaman, and Fletcher [3], as well as
Von Euw [5], have used this line for their deter-
minations of C3S. Neglect of the /S-CoS contribu-
tion to this line by Von Euw introduces only a
small error for cements high in C3S, but somewhat
more significant errors for low C3S cements
(type IV).

At the beginning of our investigations we also

used the same line, though we always considered
the contributions of both C3S and C2S to the line.

We discarded the line later because we found that
calcium sulfate hemihydrate and gypsum, with
strong lines at 2.98 A and 3.06 A, respectively, made
significant contributions to the intensity of the
line [7]. At the suggestion of Katharine Mather,
we adopted the line at 51°2d, instead.

There is a rather weak line at 31°2d, which is a
pure C2S line. Midgley, Rosaman, and Fletcher,
as well as Von Euw, have used this line for their

determination of C2S. We also tried this line, but
found it unsatisfactor3^ Von Euw found it so
unsatisfactory that he did not report any C2S
results in his paper. Midglev and his coworkers
used the 32 and 34°20 C3S-C2S hues, in addition
to the 31°29 Hne, to evaluate G2S. The three
results did not always agree well, and they
especially suspected the 34°20 results. In our
early work, we tried both the 32 and 34°20 lines,

and we did not find either line satisfactory.
In our final work, we have adopted the 41°20

C3S-C2S line and the already mentioned 51 °2^

line for the quantitative determination of CaS
and C2S. The use of two lines permits the simul-
taneous solution of two equations of the type

MOLflfl /f ratio

Figure 3. Dependence of ferrite calibration constant on
molar A/F ratio.

0.1 0.2 0,3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

ALITE FRACTION OF TOTAL SILICATES, a).

Figure 4. Dependence of ratio of intensities of 51° 26 line

to 4.1° 2d line on relative amounts of alite and belite in
silicate calibration mixtures.

h Wn

Wo
(6)

11 Wi W2
-jr=ai \-a2 —h Wn

(5)

where /i, 1 2 and Iq are the intensities of the two
selected lines and the standard line, respectively,

ai, a2, /3i, and ^2 are proportionality constants, and
wjwo and W2/WQ are the weight ratios of C3S
and C2S to standard, respectively. In our work.

Ii is the iTitensity of the line at 5l.Q°2d, and lo

that of the line at 41.1 °26'. /q is the intensitv of

the (111) silicon Hne (28.4°2e).

Even though suitable lines are found from which
interpretable X-ray data can be obtained, certain

calibration problems still exist. It is not certain

that the alite form of C3S found in one cement is

identical with that found in another cement; the

same is true of the belite (C2S) phase. That
differences do exist is clearly shown by the results

obtained when the calibration is carried out on
preparations designed to give certain alite/belite

ratios upon burning. These preparations were
described previously [1]. On the basis of eqs

(5) and (6) it can be shown that /1//2, the ratio
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of the 52°25 line to the 41°20 line should be a

linear function of Wi, the alite fraction of the total

silicates. A plot of IJh {—Rs) against Wi is

shown in figure 4. It can be seen that a curvilinear

plot is obtained. This deviation from expectation

indicates that there is a structural variation of

either alite or belite or both as a function of com-
position. This was accounted for by the modifica-

tion of eq (5) which we described in detail in an
earlier publication [1]. Experimental evidence
shows that the curvature of R3 is caused by a

curvature in /i. Within experimental error, I2

varies with composition in a linear manner.
The alite used for this work had the approximate

composition 52C3S-C6AM, as contrasted to the

composition leCsS-CgAM reported by Jeffery at

the last symposium [8]. However, his results, and
the results of other investigators, including our-

selves, who have attempted to make alite of this

composition indicated the presence of a significant

amount of C3A. We have prepared materials
with overall A/S ratios of 1/52 (52C3S-C6AM)
which, while still demonstrating the alite diffrac-

tion pattern, contain negligible amounts of C3A.
These results are in quantitative agreement with
those reported by Von Euw [5].

We have prepared alite using ferric oxide and
magnesia instead of alumina and magnesia. The
F/S ratio was 1/52. So far we have not inves-

tigated the iron stabilized alite, but it is clear that

the presence of ferric oxide in alite may cause
further complications.

Because of the possible variations in alite and
belite structures due to the solution of different

impurities, the calibration curves obtained for

the silicates are not strictly applicable to the

determination of alite and belite in portland
cements. A somewhat better approximation is

described in our second paper [2], in which the

alite-belite results obtained for 20 portland
cements by the combined X-ray and chemical
analysis method were used for calibration purposes.

Analysis of Cements

Composition of the Ferrlte Phase

The X-ray quantitative analysis of a cement
is carried out in two steps: (1) determination of

the composition of the ferritc phase and (2) de-

termination of the amounts of the four major
phases.
The results of the determinations of A/F ratio

for 36 cements are given in table 1. The results

are expressed in this table as molar A/F ratio,

designated v (columns 2, 3, and 4) and as m.ole

percent C2F, designated n (columns 5, 6, and 7).

Values were obtained in two ways: (1) by de-
termination of the c?-spacing of the (141) ferrite

line {va and Ua, columns 2 and 5, respectively),

and (2) by calculation from the intensity of this

line and the total iron in the cement, as was de-

scribed previously [1] {vi and Wi, columns 3 and 6,

respectively). The average values from these

Table 1. Ferrite phase compositions in portland cements

1 2 3 4 5 6 7

Tld «i
Cement fd "1 % % %

LTS-11 0. 733 1. 362 1. 047 57.7 42.3 48.9
LTS-12_ _ 1. 000 1. 000 1.000 50. 0 50.0 50.0
LTS-13 1. 212 1. 212 45. 2 45.2
LTS-14_.. 0. 980 0.980 50. 5 50. 5
LTS-15... 1.150 0. 738 .944 46.5 57.6 51! 4
LTS-16- . -_ 0. 949 1. 180 1. 064 51. 3 46.9 48.4
LTS-17 . 764 0. 928 0. 846 56. 7 51.9 64.2
LTS-18 1. 445 1. 129 1. 287 40. 9 47.0 43.7
JLj JL b-19U 0. 862 0. 983 0. 922 53. 7 50. 4 52.0

LTS-21 1.096 1.058 1.077 47.7 48.6 48.1
L I 8-22... 0. 815 1. 178 0. 997 55.

1

45. 9 60.1
LTS-23- . 740 0. 641 .690 57. 5 60.9 69.2
LTS-24 .984 .966 .975 50. 4 50 9 60. 6
LTS-25 .805 .765 .785 55.4 56.7 66.0

LTS-31 1. 170 1.014 1.092 46.1 49.7 47.8
LTS-33 0. 920 1. 254 1. 087 52.

1

44.4 47.9
LTS-34 .838 1.214 1.026 54.4 45.

2

49.

4

LTS-41 .865 0. 939 0. 902 53.6 61. 6 52.

6

LTS-42 1.150 1.150 46.5 46.5
LTS-43 0. 815 .979 0.897 65.1 50.5 52.7
L L !5-43A . 923 1. 122 1. 023 52.

0

47.

1

49. 4

LTS-51 . . 764 0. 923 0. 844 56. 7 62.0 64.2

SBR-157M__ 1.440 1.440 41.0 41.0
SBR-15698 0. 742 . 450 0. 596 57. 4 69.0 62. 7
SBR-15622 .709 .920 .814 68. 5 52.

1

65.

1

SBR-15497 .897 .842 .869 52.7 54.3 53.5
SBR-15669 1. 217 . 974 1. 096 45.

1

50. 7 47.7

LS-1 0.300 .452 0. 376 76.9 68.9 72.7
LS-2 __ _ . 300 . 442 . 371 76.

9

69.3 72.9

B-H _ . 835 . 651 . 743 54. 5 60.6 57.4
B-L__ ^ 1. 070 . 830 . 950 48.

3

64.6 61.3

BR-A 0. 880 1. 156 1. 018 53. 2 46. 4 49.

6

BR-B ^894 l!050 0' 972 52] 8 48^8 50^7
BR-C 1.008 0.970 .990 49.8 60.8 50.3
BR-D 0. 613 .659 .636 62.0 60.3 61.1
BR-E .783 .783 56.1 56.1

two methods, j'avg and Wavg are given in columns
4 and 7, respectively. The determination of vi

involves the solution of a quadratic equation. In
a few cases, a real solution could not be obtained
because of the occurrence of a negative discrimi-

nant. In such cases, no value for vi is given.

The median value of va for the first 27 cements
listed in table 1 is 0.96; that for vi (23 of the first

27 cements) is 0.98. The median of the average
values for the first 27 cements is 1.00, while the

average of the average values is 0.99. In terms
of mole percent, the average values of Ua, Ui and

Wavg are 51.4, 51.1, and 50.7 percent. These n
values correspond to v values of 0.95, 0.96, and
0.97, respectively. The mean deviation from
the average is 2.7 percent.

Because there is only one ferrite diffraction line

in the cement pattern am.enable to df-spacing

determ.ination, and because even this determi-

nation can become quite uncertain when only a

small amount of ferrite phase is present, other

investigators have developed methods for sepa-

rating a cement fraction containing a high per-

centage of ferrite. Thus, there is the chem,ical

separation method of Fratini and Turriziani [4]

and the magnetic separation method of Midgley

[9]. These methods permit unencumbered ob-

servation of weaker diffraction lines.

Midgley, Rosaman, and Fletcher [3] have

employed the chemical separation method, the
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magnetic separation method, and observations
on the whole cem.ent to determine the ferrite

compositions for a group of 15 cements. They
considered that their results by the magnetic sep-

aration m.ethod contained a bias on the C2F side

compared with results by the other techniques.

This would indicate an inhomogeneous ferrite

phase. Certainly a few cements are of this type
as can be ascertained from the lack of sharpness of

the (141) peak, as was pointed out by both Midg-
ley [9] and ourselves [1]. Midgley, Rosaman,
and Fletcher also observe, however, that their

chemical separation results are in good agree-

m,ent with the results from observation of the

whole cement. At the same time they point out
that the rate of solution of ferrite phase in the

chemical medium used to dissolve away the sili-

cates depends on the A/F ratio of the ferrite. On
the basis of these two facts it would appear that

the ferrite phase is homogeneous. Thus one may
draw two conflicting conclusions from the results.

In spite of the claim of the C2F bias of the

results by the magnetic separation technique,

only 7 of the 14 values reported indicate higher

C2F contents than the corresponding direct ob-

servation values, and 7 indicate lower C2F con-

tents. The molar A/F ratios corresponding to

the mean weight percentages of C2F for the 14

cements, obtained by magnetic separation, chemi-
cal separation and direct observation are 0.97,

1.00 and 1.00, respectively. These values are

in excellent agreem,ent with each other and are

also in excellent agreement with our results.

One may, therefore, conclude that at least in

the great majority of portland cements the fer-

rite phase is homogeneous. Because, however,
there may be some cements in which the ferrite

phase is not uniform. [1, 9], it is safest to use the

method of direct observation on the whole cem.ent.

The constancy of A/F ratio after chemical ex-

traction of the silicates, during which time a part
of the ferrite phase is also dissolved, is consistent

with the evidence presented by Copeland, Kantro,
and Verbeck [10], showing that the A/F ratios of

unhydrated residues of partly hydrated cement
pastes are the same as those of the original cements.

The Quantities of the Four Major Phases

Analyses of 36 cements have been obtained by
the combined chemical and X-ray method (CCX)
[1] and by the method utilizing only X-ray data
[2]. The primary calibration was that published
by us originally [1], and the secondary calibration

was that based on 20 of the 36 cements and pub-
lished by us recently [2]. The results are given
in table 2.

The conclusions based on the results from 36
cements are unchanged from those previously
published. The CCX silicate data, given in col-

umns 6 and 8 are those obtained by the total

silica calculation described previously [1]. A com-
parison of the X-ray with the CCX results shows
that the systematic errors of the pure X-ray ferrite.

Table 2. Compositions of portland cements

Cemont

LTS-n....
LTS-12
LTS-13
LTS-14
LTS-15
LTS-16
LTS-17
LTS-18
LTS-19C.._

LTS-21
LTS-22
LTS-23
LTS-24
LTS-25

LTS-31....
LTS-33
LTS-34

LTS-41
LTS-42
LTS-43...-
LTS-43A_..

LTS-51....

SBR-15754.
SnR-15698.
SBR-15622_
SBR-15497.
SBR-15669.

LS-1
LS-2

B-H
B-L.._

BR-A
BR-B
BR-C
BR-D
BR-E

Ferrite, per-
cent

CCX X-ray

7.5
7.3
7.0
9.0
7.4

11.0
8.8
7.9
8.5

10. 1

11.8
14.2
14.4
13.5

6.6
7.9

10. 2

14.6
8.8
13.1

9.6

9.4

8.0
6.2
11.7
7.5
6.0

11.5
10.8

13.2

6.3
8.5
15.3
0.8

9.2
7.3
8.3
11.1

6.0
11.7
9.6
7.6
9.0

10.0
13.4
13.3
14.4
13.2

6.3
8.7
11.4

IS.O
10.0
14.1

10.

1

10.1

10.0
5.0
13.1
7.2
5.7

13.1
12.2

11.8
7.7

7.6
6.8
8.4

15.6
2.3

C3A, percent

CCX X-ray

7.9
6.8
3.2
9.9
4.3
7.6
7.4
0.2

3.6
3.1
2.2
2.

1

0.2

7.6
7.4
3.6

0.2
1.3
3.0
1.6

0.6

7.

1

8.3
0.0
8.9
0.7

.0

.0

6.4
9.0

11.8
9.3
7.

1

0.0
6.4

7.6
7.9
6.8
3.2
10.4
3.9
7.3
7.6
6.0

3.6
2.3
2.6
2.2
0.3

7.7

7.0
3.0

0.0
1.3
2.5
1.2

0.2

7.1
8.7
0.0
9.0
0.9

.0

.0

7.0
9.3

11.5
9.2
7.2
0.0
6.4

CjS, percent

CCX X-ray

57.3
51.0
50.2
57.

1

60.9
54.5
.58.6

52.5
57.7

45.7
49.4
55.fi

48.8
38.7

57.7
55.8
61.3

25.4
31.6
30.2
29.9

52.0
65.0
52.6
55.6
29.7

65.3
70.0

56.6
51.8

44.

1

41.5
39.5
43.4
59.0

60.0
48.3
53.8
55.2
63.5
58.7
53.4
53.2
54.1

49.6
50.2
65.5
50.3
37.6

66.7
58.7
62.8

25.6
33.2
33.9
30.2

,52.3

54.2
61.9
59.2
30.4

66.8
63.9

55.2
56.4

42.9
46.6
43.8
42.8
56.8

C2S, percent

CCX X-ray

19.0
27.4
27.6
26.0
12.5
22.8
20.2
26.5
20.8

35.6
29.9
23.2
26.4
43.0

17.1

17.6
13.6

52.4
52.4
47.9
53.6

36.4

25.2
16.4
30.6
16.2
57.8

17.9
12.3

23.8
28.6

26.8
32.0
35.9
34.6
31.1

19.9
26.0
29.7
25.1
13.0
24.5
18.5
26.9
19.6

38.6
30.4
23.2
27.2
41.8

16.8
18.5
13.9

52.8
56.0
53.7
54.1

35.2

26.3
13.6
30.3
17.3
59.1

18.3
11.2

23.3
31.2

26.2
36.0
39.8
34.0
29.9

C3A, C3S, and C2S values relative to the CCX
values are +0.5, +0.1, +0.3, and +0.5 percent,

respectively. The mean deviations are 0.9, 0.3,

2.5, and 1.4 percent, respectively, and the root

mean square deviations (standard deviations) are

1.1, 0.4, 3.3, and 1.9 percent, respectively. Be-
cause of the nature of the calculations, the ratio

of C3S error to C2S error is the same as the C3S/C2S
ratio.

The C3A contents determined for these cements
are in every case lower than the values obtained
by the Bogue potential compound calculation.

Midgley, Rosaman, and Fletcher [3] reported
C3A values higher than the potential values for

cements with low overall A/F ratios. However,
one would expect that the C3A would be the lowest
in these very cements because of the tendency of

low A/F ratio ferrites to take up additional alu-
mina. As was stated before, the ferrite line may
overlap the C3A line in such a way as to be un-
resolvable graphically. As can be seen from figure

2, this would be the case all the more if the ferrite

has a low A/F ratio. Hence, the Midgley, Rosa-
man, and Fletcher result appears to be a manifes-
tation of an increasing high systematic error in

C3A content with decreasing ferrite A/F ratio.
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Table 3. Sums of oxides and major phases in portland
cements

References

Cement Oxide sum CCX sum X-ray sum

Percent Pe Tcent Percent
LTS-11 92.3 92.2 96.7

LTS-12 -- 93.6 93.6 89.6
LTS-13_ - 93.

0

91.

6

98. 5

LTS-14 94.0 95. 4 94.6
LTS-15 94.5 90.8 92.9
LTS-16 93.3 92.5 98. 8

LTS-17 94.9 95.2 88.7
LTS-18 93.6 94.3 95.3
LTS-19C_ - - 92. 2 93.

3

88. 7

LTS-21 95. 5 95.0 101.8
LTS-22 93.9 94.3 96.2
LTS-23 95. 7 95.

3

94. 6

LTS-24 91.8 91.8 94.0
LTS-25 94.2 95.4 92.9

LTS-31 90.3 89.0 87.6
LTS-33 91.

5

88.

7

92. 9

LTS-34 90.9 88.6 91.

1

LTS-41 92.6 92.5 93.4
LTS-42 94.4 94.1 99.4
LTS-43 94.

1

94.2 104.3
LTS-43A 95.0 94.5 95.6

LTS-51 94.8 96.0 93.7

SBR-l,'i754.._ 92.0 92.2 94.7
SBR-15698..- 93.1 95.9 81.6
SBR-15622.-. 94.6 95.0 95.3
SBR-15497--. 90.9 88.2 92.8
SBR-15669._. 94.4 94.3 96.

1

The combined chemical and X-ray method has
the advantage of restricting the error in the system
somewhat by the limitations imposed by the oxide
analysis. There are, however, a number of minor
oxides in portland cement which may be dissolved

in one or more of the four major phases. The
CCX method does not take these into account.
On the other hand, the X-ray method, not limited
by the oxide analysis, measures the total amount
of each of the major phases, regardless of the pres-

ence of minor oxides. Thus, a comparison of the
sum of the major and minor oxides, corrected for

substances known not to occur in the major
phases [2], with the sums of the major phases ob-
tained by the CCX and X-ray methods is useful in

illustrating the overall accuracy of the methods.
These sums are given in table 3. The CCX sums
are on the average 0.3 percent smaller than the

oxide sums, while the X-ray sum3 are on the aver-
age 0.8 percent greater. This implies that at

least some of the minor oxides in the cement are

dissolved in the four major phases. The mean
deviations of the CCX and X-ray sums from the
oxide sums are 1.0 and 2.G percent, respectively,

and the root mean square deviations (standard
deviations) are 1.5 and 4.4 percent, respectively.

It is to be expected that the CCX deviations
would be smaller than the X-ray deviations be-
cause of the restrictions imposed on the system
by the method.

Finally, the oxide results indicate that there is

no significant amount of amorphous material in

cement. The material designated as glass or

glassy phase is actually microcrystalline, and hence
detectable by X-rays.

[1] L. E. Copeland, Stephen Brunauer, D. L. Kantro,
Edith G. Schulz, and C. H. Weise, Quantitative
determination of the four major phases of portland
cement bv combined X-ray and chemical analysis,
Anal. chem. 31, 1521-30 (19.59).

[2] Stephen Brunauer, L. E. Copeland, D. L. Kantro,
C. H. Weise, and Edith G. Schulz, Quantitative
determination of the four major phases in portland
cement by X-ray analysis, Proc. ASTM, 59, 1091-
1100 (1959).

[3] H. G. Midgley, D. Rosaman, and K. E. Fletcher,
X-ray diffraction examination of portland cement
clinker. This symposium, paper II-S2.

[4] N. Fratini and R. Turriziani, X-ray investigation of
the ferric phase in portland cement (In Italian),
La Ricerca Sci. 26, 2747-2751 (1956).

[5] M. Von Euw, Quantitative analysis of portland
cement clinker by X-rays (In French), Silicates
inds. 23, 643-9 (1958).

[6] Deane K. Smith, Crystallographic changes with the
substitution of aluminum for iron in dicalcium
ferrite, (To be published).

[7] X-ray Powder Data File, ASTM, Philadelphia, 1959.

[8] J. W. JefFery, The tricalcium silicate phase, Proceed-
ings of the Third International Symposium on the
Chemistry of Cement, London, 1952, pp. 30-48
(Cement and Concrete Association, London, 1954).

[9] H. G. Midgley, The composition of the ferrite phase in

portland cement, Mag. Concrete Research 9, 17-24
(1957).

[10] L. E. Copeland, D. L. Kantro, and G. J. Verbeck,
Chemistry of the hydration of portland cement.
This symposium, paper IV-3.

Discussion

H.-G. Smolczyk

Methods of X-ray investigation were the subject
of several discussions at the Symposium. Al-
though I discussed the matter several times with
different gentlemen I shall try to combine some of

these different discussions about preparation
methods in one contribution. I should like to

offer this discussion as a supplement to the very
interesting paper of the Building Research Station.

At the Forschungsinstitut fiir Hochofenschlacke
at Rheinhausen we fully agree to the opinion that

the technique of preparing the samples is one of

the most important parts of a quantitative X-ray
diffraction analysis, and that wet grinding has

important advantages.
Therefore, I want to report about the good

experience we have had—for about 4 years—with

a very simple wet grinding method for X-ray
powder samples.
We use an ordinary small closed agate ball mill

with a volume of 100 ml. In it, 1 cm^ of the

coarsely ground material together with 30 cm^ of

benzene (CsHe) are ground for 40 min. Then the

benzene is removed and the very fine powder
(2-6jLi) dried quickly in a flow of dry air or in a
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vacuum. Afterwards the powder is placed in an
ordinary sample bolder with a rectangular window
and is densely compacted. Careful precautions

are taken to obtain an entirely even surface.

Some smaller advantages of this method are the

short grinding time, the easy separation of the

powder, with its higher density, from the lower
density benzene, and the chemical inactivity of

the benzene which excludes any reaction with the
cements or with their hydration products.
The two main advantages will be described in

detail:

(1) By carefully using this preparation technique
a high degree of reproducibility is obtained.

Moreover, the preferred orientations of some hy-
drates—e.g., calcium hydroxide or ettringite—are

reproducible, too, and diagrams obtained with
these substances can be used even for quantitative

analysis. Care must be taken, however, that the

X-ray pattern of the mineral used for comparison
shows the same degree of preferred orientation.

To give an impression of the accuracy that can
be obtained by this method, two examples from
our practice are given. Each sample was prepared
four times, and the intensity of the Ca(0H)2 peak
at 2^=18° (CuKa) of each of the 8 specimens ob-

tained was measured. The results were as follows

(in percent of Ca(0H)2):
Sample A: 21.8; 20.1; 18.8; 19.4; average,

20.0 ±0.7
Sample B: 0.9; 1.3; 1.5: 1.2; average, 1.2 ±0.2

(Error calculated by E=± J \
\ \ n{n—l)/

It must be mentioned here that the 18° peaks
showed intensities which were approximately five

times higher than normal, due to the effect of pre-

ferred orientation. The determination of 1,2

percent of Ca(0H)2 was possible, however, only
by using this orientation effect. Otherwise the

low peak would have been disturbed too much by
the high statistical background.
(2) In spite of the material being ground to an
extremely fine powder, this method is nondestruc-
tive, and even the hydrates are not destroyed.

Ettringite (32H2O), which was nearly destroyed
by 1 hr of dry grinding, did not change its intensi-

ties after having been ground in benzene for 10 hr
(fig. la, lb, and Ic). In order to detect a possible

change of the diagram with time of exposure, the

intense X-ray beam (CuKa; 30 kv) was directed

on the surface of the sample for 12 hr. Even then,

however, the X-ray diagram did not change at all.

It should be added that after the Symposiurn it

was learned that for the last two years, a similar

method of wet grinding has been used in the labo-

ratories of the Portland Cement Association at

Skokie, Illinois (cf. L. E. Copeland, and R. H.
Bragg, ASTM Bull. No. 228, Feb. 1958, pp. 56-60).

Figure 1. Ettringite {X-ray diagrams)

.

(a) 1 hr dry grinding
(b) 40 min grinding in benzene
(c) 10 hr grinding in benzene
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Paper II-S3. Influence of Reducing Atmosphere on the Constitution
of Clinker*

Y. Suzukawa and T. Sasaki

Synopsis

The influence of FeO on the ^-7 inversion of C2S stabilized with various kinds and
amounts of agents and on the dusting of synthetic clinkers of the system C—A—F—S

—

M—N was studied.

It was found that the 0-y inversion due to the presence of FeO is related to the ionic

radius of stabilizers and that the amount of FeO required for dusting the clinker decreases
with the increase in the content of Na20.

Furthermore, commercial shaft kiln clinker, which is partially reduced, was studied, and
the presence of C12A7 (or unstable CsAs) was shown.

Based on the results obtained, it is clear that C2S forms solid solutions with FeO more
predominantly than with alkalis.

Resume

Get expose etudie I'influence de FeO sur I'inversion /3

—

y de C2S stabilisee par differentes

sortes et quantites d'agents, et sur la pulverisation spontan6e de clinkers synthetiques du
systfeme C—A—F—S—M—N.

L'^tude r^vfele que I'inversion 0—7 due a la presence de FeO est en relation avec le

rayon ionique des stabiliseurs, et que la quantity de FeO requise pour pulveriser spontan6-
ment le clinker decroit avec I'augmentation de la teneur en Na20.

On etudie ^galement le clinker commercial de four a cuve, qui est partiellement reduit,

et la presence de C12A7 (ou C5A3 instable) est indiqu6e.
Les rfeultats obtenus montrent nettement que C2S forme des solutions solides avec

FeO d'une fagon plus predominante qu'avec les alcalis.

Zusammenfassung

Der EinfluI5 des FeO auf die /3—7-Inversion des C2S, nachdem es mit verschiedenen
Verbindungen und durch verschiedene Mengen dieser Verbindungen stabilisiert wurde,
wurde fiir synthetische Klinker des C—A—F—S—M—N Systems studiert, und die
Staubentwicklung der Klinker wurde unter den gleichen Bedingungen untersucht.

Es wurde gefunden, dafi die durch FeO hervorgebrachte /3—7-Inversion zu dem lonen-
radius der Stabilisatoren in einem gewissen Verhaltnis steht, und dafi die Menge des FeO,
welche notig ist, einen zerrieselnden Klinker hervorzubringen, nimmt ab, wenn der Gehalt an
Na20 zunimmt.

Auch Klinker, welche in einem Drehrohrofen einer Fabrik erzeugt wurden, wo sie teil-

weise reduziert werden, wurden untersucht, und es wurde gefunden, dafi C12A7 (oder un-
stabiler CsAs) anwesend ist.

Die Ergebnisse zeigen, daC C2S vorzugsweise mit dem FeO feste Losungen bildet;
dieses wird den Alkalien vorgezogen.

Inversion of C2S

There has been httle information on the
influence of FeO on the (8-7 inversion of C2S
except for reports of Bowen, Schairer, and
Posnjak [1-4].

^

The /3-C2S stabiHzed with various kinds and
amounts of agents, such as B2O3, P2O5, Na20,
K2O, BaO, Cr203, Mn02, or their combinations,
was prepared from pure 7-C2S, and mixtures of
the system /3-C2S-2FeO-Si02 were heated in a
pure N2 atmosphere at 1,220 °C for 20 min by
the same method as reported by Bowen and
Schairer [1].

Fourth International Symposium on tiie Ciiemistry of Cement, Wasli-
ington, D.C., 1960. Contribution from the Centra! Research Institute, Ube
Industries, Ltd., Ube-Shi, Yamaguchi-Ken, Japan. (A summary of this
paper was read at the Symposium by R. H. Bogue.)

' Figures in bracliets indicate the "literature references at the end of this
paper.

Chemical and X-ray analysis of the preparations
showed that in the /3-C2S stabilized with Na20,
K2O, BaO, Cr203, or Mn02 (substituting groups
forSi*+), the ^-y inversion occured when 0.4-0.5

percent FeO was added, but in the /3-C2S stabilized

with B2O3 or P2O5, no /3-7 inversion occurred
when 4 percent FeO was added [5, 6j. As has
already been reported by Dietzel and Tscheisch-
wili [7] and Glasser and Osborn [8], the /3

—

y
inversion of the preparations containing Cr203 or
Mn02 is due to the reduction of stabilizers during
heat-treatment. The /3-C2S stabilized with both
B2O3 and Na20 showed similar behavior to that
stabilized with B2O3.
As an example. X-ray diffraction results on

/3-C2S stabilized with 0.28 percent Na20 are

shown in figure 1.

622827 0-62-7
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Figure 2. Partially reduced shaft-kiln clinker etched with
0.5 -percent alcoholic solution of HNO3. X 250.

Figure 1. Geiger-counter diffractometer tracings.
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Dusting of Clinker

A series of clinkers of the system C-A-F-S-M-N
having constant major oxide components except

for Na20 were prepared from pure chemical

reagents. Chemical compositions of the original

clinker of the system C-A-F-S-M are:S=25.0,
A= 6.4, F= 3.0, C= 64.6, and M=:1.2 percent.

After pulverizing, the clinkers were mixed with
various amounts of ferrous oxalate and reheated
in a pure N2 atmosphere at 1,350 °C, and then
cooled slowly or quickly near the bottom of the

furnace. The amount of FeO required for dusting

the clinker, which was determined by the method
of trial and error, is shown in table 1 [5].

The decrease in the amount of FeO with the

increase in the content of NazO is due perhaps to

the lowering of the inversion temperature of C2S
as reported by Newman and Wells [9] and to the

change in the chemical compositions of clinker as

reported by Suzukawa [10].

Similar experiments were also made on the syn-
thetic clinkers of the system C-A-F-S-M-K, but
owing to the volatilization of K2O, no apparent

Table 1. A7nount of FeO required for dusting

Sample
No. Method of cooling

Na20
(Re-

sidual)
FeO

Percent Percent
A 0.00 2.36
B jcooled slowly from 1,350 to 1,200 °C for 30 min^. .13 1.71
C .40 1. 10

A'.... .00 2. 81
B'.... jcooled quickly at 1,350 °C. .14 2.69
C... .36 2.48

results were obtained on the relation between the
amount of K2O and that of FeO.
A comparative test was made on the strength

of mortar (1X1X6 cm; water : cement : sand
= 0.65 : 1 :2) containing synthetic normal and dusted
cHnkers of the system C-A-F-S-M-N. It was
found that the dusting due to the presence of FeO
(1.76 percent) decreased the strength by 20 to 30
percent.

Shaft-Kiln Clinker

In shaft kilns, partially reduced clinker is some-
times produced, and the Fe203 is reduced to FeO
or on rare occasions to metallic iron. A typical

microscopic photograph is shown in figure 2. No
ferrite phase is observed, and the presence of

C12A7 (or unstable C5A3) and metallic iron is

shown. X-ray analysis of the clinker showed
patterns (d=4.90; 2.975 A) corresponding to those
of (C12A: [11].

Furthermore, partially dusted clinkers were
sieved into two fractions. Chemical analysis of

each fraction showed that in the fraction \l-2
mm, the content of Si02 and FeO was greater and
that of AI2O3, CaO, and MgO smaller, respectively,

than in the fraction >1.2 mm.
On the basis of the preceding discussions, the

dusting of shaft-kiln clinker is partially ascribed
to the formation of solid solution of C2S with FeO
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Paper II-S4. Reactions of Coal Ash With Portland Cement Clinker
During the Burning Process*

T. Heilmann

Synopsis

When using fuel of high ash content for burning portland cement clinker in a rotary
kiln, a certain part of the ash will be precipitated onto the raw materials during their passage
through the kiln, forming an integral component of the clinker produced.

The various components of the raw mix are introduced into the kiln ag a more or less
homogeneous mixture; however, the ash from the fuel, or at least part of it, is precipitated
onto the surface of the nodules or clinker during their heating, calcination, and sintering in

the burning zone, thereby causing a degree of heterogeneity. The nature and the extent
of the reaction between ash and clinker is, naturally, of great importance to the operation
of the kiln as well as to the general quality of the clinker.

Results are given of laboratory test burnings made in order to investigate the way in
which the ash reacts with the clinker minerals and the components resulting from these
reactions. The molten ash has a very pronounced "wetting action" in relation to the
surface of the clinker minerals. Therefore, only a s;mall part of the ash will remain on the
outer surface, the rest penetrating very quickly into pores and cracks to initiate reactions
with the clinker minerals.

The speed of the reactions has been investigated together with its dependence on the
burning temperature as well as on the composition of the clinker. In particular, the im-
portant part which the movement of CaO plays in the formation of the clinker minerals has
been demonstrated. The results are illustrated by a number of photographs of polished
clinker sections.

Resume
Lorsqu'un combustible de forte teneur en cendres est utilise pour la cuisson de clinkers

de ciment Portland dans un four rotatif, une certaine partie des cendres se depose sur les

matieres premieres pendant leur passage k travers le four, formant un composant integral

des clinkers produits.

Les diff^rents composants du melange cru sont introduits dans le four sous forme d'un
melange plus ou moins homogene; cependant, les cendres provenant du combustible, ou au
moins une partie de celles-ci, se deposent sur la surface des nodules ou des clinkers pendant
la chaufFe, la calcination et le frittage de ceux-ci dans la zone de cuisson, provoquant ainsi

un degr6 d'h^terogeneite. La nature de la reaction des cendres sur les clinkers et la mesure
dans laquelle s'opere cette reaction sont, bien entendu, de grande importance pour le fonc-
tionnement du four aussi bien que, d'une fagon g^n^rale, pour la quality des clinkers.

L'expose contient des resultats de cuissons d'essai faites aux laboratoires en vue d'une
6tude de la fagon dont reagissent les cendres avec les min^reaux des clinkers et les composants
resultant de ces reactions. Les cendres fondues ont un "effet humidificateur" tres prononc^
sur la surface des mineraux des clinkers. En consequence, seule une faible partie des cendres
reste a la surface tandis que la partie restante p^netre tres rapidement dans les pores et les

fissures en amorgant des reactions avec les mineraux des clinkers.

La vitesse des reactions a ete etudi^e en fonction de la temperature de cuisson ainsi que
de la composition des clinkers. Tout particulierement, on a releve le role important que
joue le mouvement du CaO pour la formation de mineraux de clinkers. Les resultats sont
illustres au moyen de photos de sections polies des clinkers.

Zusammenfassung
Bei Benutzung von Brennstoflf mit groCem Aschengehalt zum Brennen von Portlandze-

mentklinker in einem Drehofen wird ein Teil der Asche sich beim Durchgang der Rohma-
terialien durch den Ofen auf denselben niederschlagen und einen integrierenden Bestandteil
des erzeugten Klinkers bilden.

Die verschiedenen Bestandteile der Rohmischung werden dem Ofen als eine mehr oder
weniger homogene Mischung zugefiihrt; die Asche des BrennstofTes, oder wenigstens ein
Teil davon, schlagt sich indessen auf der Oberflache der Granalien oder Klinker nieder,
wahrend diese im Ofen erhitat, kalziniert und gesintert werden, und verursacht dadurch eine
gewisse Heterogenitat. Beschaffenheit und Umfang der Reaktion der Asche mit dem Klinker
sind naturlich fur den Betrieb des Ofens als auch fiir die allgemeine Qualitat des Klinkers
von grofier Bedeutung.

Es liegen Resultate von Laborbrennversuchen vor, die unternommen wurden, um die
Weise, in der die Asche mit den Klinkermineralen reagiert, und die durch diese Reaktionen
entstehenden Bestandteile zu untersuchen. Die geschmolzene Asche hat eine sehr ausge-
sprochene "benetzende Wirkung" auf die Oberflache der Klinkerminerale. Daher wird nur
ein geringer Teil der Asche an der auBeren Oberflache verbleiben, wahrend der Rest sehr
schnell in Poren und Risse eindringen wird, um Reaktionen mit den Klinkermineralen
einzuleiten.

Man hat die Reaktionsgeschwindigkeit und auch ihre Abhangigkeit von der Brenntem-
peratur und der Zusammensetzung des Klinkers untersucht. Besonders ist nachgewiesen
worden, welch bedeutende RoUe die CaO-Wanderung bei der Bildung der Klinkerminerale
spielt. Die Ergebnisse sind durch einige Fotos von Klinkerschliffen veranschaulicht.

'Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from the laboratories of F. L. Smidth and
Company, Copenhagen, Denmark.
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Introduction

During the burning of portland cement clinker

with coal in a rotary kiln, the ash, introduced as

part of the fuel, will for the greater part react

with and become an integral part of the clinker.

The amount of ash in relation to clinker may
vary within a wide range and in the first instance

will naturally depend on the ash content of the

fuel, as well as on the heat economy of the kiln.

Furthermore the type of heat-transmitting ele-

ments used will influence the amount of ash which
is absorbed by the raw materials during the con-

tact with the smoke gas.

The possible dust-absorbing elements installed

and the extent to which the dust is recycled to the

rotary kiln will also be of influence. In the case

where a highly effective filter is installed, the total

dust which is absorbed being returned to the kiln,

the ash enters completely into the clinker as an
integral component.

In general the coal ash will have a chemical

composition which differs widely from that of the

desired clinker and from the composition of

the raw mix which is introduced into the kiln.

By suitable fine grinding and homogenization
of the raw mix it is possible to insure that com-
plete reaction between the individual components
of the raw mix takes place during the burning
process. The coal ash, however, will on account
of its deviating composition and the way in which
it is absorbed by the material in the kiln cause a
certain amount of inhomogeneity in the clinker

produced. Consequently the clinker will be a

heterogeneous mixture of

:

a. Clinker minerals formed by the original com-
ponents of the raw mix, and,

b. Products resulting from the reaction between
the ash and the clinker minerals.

The nature and the extent of this reaction,

which is naturally of great importance to the
general quality of the clinker, have been examined
by a number of laboratory test burnings. The
speed has also been investigated to discover its

dependence on the burning temperature as well

as the composition of the clinker.

General Remarks on the Absorption of Ash in a Rotary Kiln

Generally a coal ash will have a composition
varying within the following limits:

Average Usual limits

of variation

Percent Percent
Si02 46 35-60
AI2O3 26 15-35
FejOs 13 5-20
CaO 5 0-10

MgO, sulfur, and alkalies will also be present in

varying amounts. In special cases a coal ash may
have a composition outside the above-mentioned
limits.

The melting range of coal ash will generally be
within 1,050 to 1,250 °C; thus the ash in the coal
flame will be in a completely molten state. How-
ever, during the further passage of the smoke gas
through the kiln, the molten particles of ash will

be cooled and thus gradually solidify.

In most kilns about half of the ash will be
absorbed by the raw materials in the calcining

and the burning zones, where the greater part of

the raw materials is usually present in the form of

nodules. In this part of the kiln the ash will be
precipitated onto the surface of the nodules to

initiate the reaction with the clinker minerals.

In the wet process the ash absorbed in the chain
system part of the kiln will for the greater part be
mixed homogeneously with the raw mix and
behave as any of the other components.

The amount of ash which is introduced into a
kiln will, as already mentioned, depend both on
the ash content of the fuel and on the kiln's heat
economy. In table 1 some figures are given,
showing the amount of ash in relation to clinker

calculated for different ash contents, (15 to 35
percent), and different heat economies, (800 to

1,600 kcal/kg cUnker).

Table 1. Ash conteni of clinker, in percent. Heat value

of ash-free fuel, 7,800 cal/g

% Ash In coal
Calories per kilogram clinker

800 1000 1200 1400 1600

15. _ 1.8 2.2 2.6 3.1 3.5
20 2.6 3.2 3.8 4.5 5.

1

25 3.5 4.3 5.2 6.0 6.9
30. 4.4 5.5 6.6 7.7 8.8
35.- 5.5 6.9 8.3 9.6 11.0

From the table it can be seen that in the case of,

for instance, a wet kiln with an average heat
economy of 1,400 kcal/kg clinker and fired with
coal containing 20 percent of ash, 4.5 percent of

ash in relation to the clinker will be introduced
into the kiln. If the ash is completely absorbed
hy the raw materials, the ash will lower the lime
saturation of the clinker by about 10 percent. If

for instance a lime saturation in the clinker of

about 95 percent is desired, then the raw mix
should have a composition corresponding to a lime
saturation of 105 percent. Thus the raw mix will

contain an amount of CaO which is a surplus

when compared with the amount which could
normally react with the Si02, AI2O3, and Fe203
of the raw mix.
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If Portland cement clinker, burnt with a fuel of

moderately high ash content, is examined micro-

scopically, a certain inhomogeneity in the clinker

is usually found. Sometimes an outer shell of

comparatively low lime content is seen, clearly

originating from the ash precipitated onto the

surface of the clinker or nodules. Often, however,

the clinker surface will show to a limited extent

only signs which could be traced to the precipita-

tion of coal ash. Thus the ash must have a pro-

nounced tendency to react effectively with the

ordinary components of the raw mix, even if a

considerable amount of the ash is precipitated onto

the surface of nodules or chnker during their

passage through the kiln.

Before describing in detail the method of testing,

it would be of interest to estimate the amount of

ash which would, under conditions normally pre-

vailing in a coal-fired rotary kiln, be available

per unit contact area between ash and clinker.

The amount of ash per unit area expressed in

grams per square centimeter (a) will depend on:

a. The amount of ash in relation to clinker

(A percent), and
b. The specific surface of the clinker (o cm^g)

as expressed by the following equation

:

If the size of the clinker nodules is measured by
the diameter d cm, and the apparent specific

gravity of the clinker is .s g/cm^, the specific sur-
face would be given by

_ 6^

ds

and the amount of ash per unit area could also be
expressed as

^=600-

Table 2 shows the variation of ash per unit
area (mg/cm^) with the total amount of ash in

relation to the clinker weight and the average
size or the specific surface of the clinker. An
apparent clinker specific gravity (s) of 2.8 g/cm^
is assumed, which corresponds to about 1 0 percent
by volume of pores.

Table 2. Average amount of ash per unit area {mglcm?) of
the clinker surface, calculated for an apparent specific
gravity of the clinker, s= 2.8 gjcw?

Average diameter of clinker mm.. 1 2 5 10 20
Specific surface of clinlcer .cmJ/g-. 21 9.3 4.3 2.1 1.

1

Ash in relation to clinker weight:
2 %- 0.9 1.9 4.7 9.4 19
5 %-. 2.3 4.7 12 23 47

10 - - .....%.. 4.7 9.4 23 47 94
20 %- 9.4 19 47 94 190

Character and Extent of the Reactions Between Ash and Clinker

The tests have shown that two factors influence

the character and the extent of the ash absorption

:

a. The tendency of the molten ash to spread

out over the surface of the clinker sub-

stance, and
b. the direct reactions, where the layer of ash

is in contact with the clinker substance.

The molten ash has a vcy pronounced "wetting
action" in relation to the clinker minerals, giving
rise to a very small angle of contact between them.
This means that the ash will be able to penetrate
very quickly from the outer surface into cracks
and openings in the clinker substance, thereby
greatly increasing the area for reaction.

By the direct reactions through the contact
areas, lime is gradually (although initially very
rapidly) transferred from the clinker into the ash
This leads to the formation of C2S crystals in the
original layer of ash and a corresponding trans-

formation of C3S into C2S in the chnker. Further-
more, free CaO is also transferred from the clinker
to the ash.

The above-mentioned two factors were investi-

gated separately by two series of tests (A and B).

Test Series A

The Spreading of the Molten Ash Over the Clinker
Surface

The tendency of the molten ash to spread out
over the surface of the clinker minerals is shown
quite clearly by some of the tests in series B, in

particular in cases where small amounts of ash per
unit area have been used. Furthermore, this

tendency was also investigated by some special

tests carried out in the following way

:

The raw mix to be used for the tests was first

calcined for one hour at 1,000 °C and then com-
pressed into a briquet 1.5 cm diam with a pressure
of about 5 tons, corresponding to 2.8 t/cm^. The
surface was then drilled to form a spherical depres-
sion having a total surface of about 1 cm^, for

receiving the ash. In the bottom of the depres-
sion a small hole of 1 mm diam was drilled and
filled with uncalcined raw mix. The briquet was
then burnt for 30 min at 1,500 °C.

During this burning the sintering of the uncal-

cined raw mix would cause one or more cracks,

whereas the rest of the surface area of the depres-

sion would be free from cracks. The crack or
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cracks formed in the small hole would lie in one

plane, making it possible, by a later cutting and

polishing, to obtain the whole of this "artificial"

crack in the polished section of the clinker.

The briquet was then heated to 1,500 °C. A
small amount of molten ash was heated separately

in a small loop formed at the end of a platinum

wire and then dropped into the spherical depres-

sion in the briquet's surface. The temperature

was maintained for a further period of 10 sec,

when the briquet was removed from the furnace

and cooled rapidly in about 15 sec to a tempera-

ture below 1,000 °C.

After this treatment the briquet was cut, pol-

ished, and etched with nitric acid in order to show
the dicalcium and tricalcium silicates. For this

test series A, clinker Cl and ash Al were used

(for compositions see table 3).

From the photographs, figures 1, 2, and 3, it

can be seen that the molten ash has been able to

penetrate momentarily down into the crack, when
the reaction between the ash and the cUnker

minerals has started in the usual way through

the surface of contact. It wiU also be seen that

the width of the crack is only about 0.35 mm.
At the bottom of the hole characteristic zones of

reaction have already developed and can be seen.

These will be described in greater detail later in

connection with the contact reaction. Dendritic

crystals of C2S appear in the original layer of

ash and in the clinker a layer of C2S crystals can

be seen, having been formed by the removal of

CaO from the original C3S crystals. Outside this

layer the clinker substance is in its original state.

By comparing the reactions seen in these photos

with corresponding photos from test series B, (for

instance fig. 4), where the molten ash has been in

contact with a clinker substance free from cracks

but with the same reaction time of 10 sec, it can

be seen that the thickness of the reaction layers

and the degree of reaction is very nearly the same
in the two cases, indicating that the molten ash

has penetrated into the crack almost instan-

taneously. If this was not the case, reactions so

far progressed would not have been observed at

the bottom of the hole.

Test Series Bl and B2

Description of Test Procedure

In order to study the direct contact reactions

between ash and chnker minerals, it was necessary

to prepare a contact area which was, as far as

possible, free from any kind of cracks into which

the ash could penetrate and thus obliterate the

picture.

The preliminary steps in the preparation of the

test specimens were the same as those outlined for

test series A (see page 89), a small briquet of

calcined raw mix being made and the surface

drilled to form a spherical depression, 1 cm^ in

surface area. The spherical shape was chosen
in order to insure an even distribution of the
molten ash over the chnker surface. A cylindrical

depression would, owing to the low contact angle
between the molten ash and the clinker substance,
give an uneven distribution of the ash over the
surface.

Two series of test burnings were carried out.

The first, test series Bl, when the briquet of

calcined raw mix was prepared in the above-
mentioned way, was heated with the desired
amount of ash to the required burning tempera-
ture in a period of about 2 hr. This temperature
was then maintained for a definite time, which
varied from 20 min to 6 hr, and the test piece was
then cooled at moderate speed over a period of

about 20 min.
These tests would to some extent imitate the

heating taking place in industry. This is especi-

ally so in the case of a wet process kiln, when ash is

precipitated onto the surface of nodules from the
time they leave the chain system. The amount of

ash used in these tests was varied from 2.4-200
mg/cm'^, and the long burning time of 6 hr. was
chosen in order to study the ultimate state of

reaction between the ash and the clinker.

Another series of test burnings test series B2
were carried out in order to imitate the conditions
prevailing in the burning zone of a kiln when the
molten ash would be precipitated directly onto the
surface of the nodules. By these tests the speed
of the reaction between the ash and the clinker

minerals was investigated and the various steps

in the chemical reactions were studied.

In order to fix the original surface of the clinker

substance exactly a small hole of 0.5 mm diam was
drilled in the briquet and a platinum wire of the

same diameter was placed into the hole. The
briquet was then burnt (without any ash) at a

tem-perature of 1,500 °C for half an hour and the

depression was reground in such a way that the

end of the platinum wire was flush with the

surface of the clinker.

The briquet was then heated in an electrical

furnace to the temperature at which the reactions

were to be investigated and the desired amount of

ash was heated separately as explained previously

on pages 89-90. When the desired temperature was
reached the molten ash was dropped into the

depression on the briquet's surface and the tem-

perature maintained for the desired test period.

After this the briquet was removed from the

furnace and cooled rapidly in about 15 sec to a

temperature below 1,000 °C. This rate of cooling

was chosen in order to prevent the test pieces from

developing cracks and to prevent any phenomena
of dusting.

-The amount of ash used was maintained at a

constant value of 150 mg/cm^ as this rather high

amount would insure a continual surplus of ash,

available to react with the clinker, throughout the
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Figure 1. X 50. Test series A. Clinker Cl.

Ash Ai—1,500 °C—10 sec.

Figure 3. X 350. Test series A. Clinker Cl.

Ash Al—1,500 °C—10 sec.



chosen reaction times. The reaction tempera-

tures chosen were 1,300, 1,400, and 1,500 °C,

and the time of reaction was varied from 10

sec to 60 min.
After burning, the test specimens were cut,

poHshed, and etched in the same way as the

specimens of test series A, always insuring that

the polished surface cut through the platinum

wire.

For the tests, clinker of two compositions, one

high in lime, Cl, and one of low lime content,

C2, were used. Two ashes were also used, one of

normal composition, Al, and one with a special

high content of CaO, A2. The compositions of

the clinker and the ashes are given in table 3.

Table 3. Compositions of clinker and ash used for test

series A and B

SiOz

Clinker Asb

01 02 Al A2

%
19.7
5.5
3.4

69.3
105
3.8
74.9
0
8.9
10.4

%
24.8
3.6
2.6
66.8
89

%
48.8
27.2
12.6
5.6

%
39.1
20.0
9.6

26.8

AI2O3.-—
VeiOi
CaO
LSF
Tree CaO
C3S 65.7

29.2
5.1
7.9

C2S _-

C3A
C4AF
Ratio: CaO/S102- 0. 12 0.69

General Description of the Reactions Between
Ash and Clinker Substance

Figure 5, corresponding to a 1-hr reaction time
at 1,500 °C between the clinker Cl and the ash
A2, shows under small magnification (12 times)

most of the briquet with the platinum wire in the
middle of the depression. The uppermost layer
is the original ash in which crystals of C2S have
already developed considerably, and below this is

the reaction layer corresponding to the original

clinker substance from which CaO has been
removed.

There are indications that during the first part
of the reaction time, presumably during the first

few seconds, a thin layer of the clinker substance
is dissolved directly into the molten ash. How-
ever, during further reactions between ash and
clinker, certain characteristic zones of reactions

are very quickly formed. These zones are clearly

defined in relation to each other, and generally

there are no signs of a continuous passing stage

between one zone and the next.

Figure 6 shows the zones of reactions in greater

enlargement. To the right of the picture the
platinum wire can be seen, the top of which indi-

cates the original border between ash and clinker

substance. Similar zones are seen in figure 7.

This photo is taken at some distance from the
platinum wire so the wire itself does not appear
in the photo.

FiGUKK 5. X 12. Test series B2. Clinker Cl. Figure 6. X 63. Test series B2. Clinker Cl.

Ash A2.-l,500 °C-1 hr-150 mg ash/cm^. Ash A2.-l,500 "=C-1 hr-150 mg ash/cm^.
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Description of the Zones of Reactions

The uppermost zone, Zl, is the original layer

of ash into which CaO has been absorbed with
the formation of characteristic C2S crystals. The
next zone, Z2, comprises a layer of the original

clinker substance from which crystals of free CaO
and CaO from C3S crystals have been extracted,

with the transformation of this C3S into C2S
crystals.

Farther down is found a zone, Z3, which is only
characteristic for clinker of high lime saturation

factor. This zone will contain the original clinker

substance with its content of C3S and, possibly,

C2S crystals. Only the crystals of free CaO have
been removed. This zone is difficult to distin-

guish in a black and white photo but is clearly

seen in a color photo.
Figures 8 and 9 show the border line between

zones Z2 and Z3 in greater enlargement. Below
the border line the great amount of well-developed
C3S crystals of the original clinker substance can
be seen quite clearly, and above the border line,

C2S crystals formed by the extraction of CaO from
the C3S crystals.

Figures 10 and 11 show the border line between
zones Zl and Z2, also in greater enlargement.
Above the border line can be seen the ash into

which characteristic CoS crystals have developed,
and below the border line, the C2S crystals remain-
ing from the original C3S crystals of the clinker.

Right on the border line there is a characteristic

layer of coherent C2S crystals of the same type
which also develops on the outer border of a coarse
grain of silica in an ordinary cement raw mix. In
the great enlargement, figure 11, narrow channels
are seen between these crystals, indicating the
possibility of some transport of CaO by liquid

diffusion. It must be assumed, however, that
probably part of the transport of CaO through this

layer takes place as diffusion through the solid

C2S phase.
It will further be noticed, from figure 9 and

figure 7, that the C2S crystals of zone Z2, posi-

tioned immediately above the border line between
Z2 and Z3, have a typically elongated shape,
showing that this shape is particularly charac-
teristic of the initial leaction. Later these
crystals are converted to the rounded shape
generally seen in portland cement clinker. The
elongated crystals, developed to a total length of

250m or more, are seen only in the tests with the

clinker Cl of high lime content. In the lower-

lime clinker C2, with both C2S and C3S crystals,

the elongated C2S crystals do not develop to the

same extent (see fig. 8).

During the reaction, CaO is given off from zone

2 to zone 1, thus the volume of zone 2 will decrease.

It is assumed that this is one of the reasons why,
as can be seen in figure 5, the border line between

zones Zl and Z2 is situated somewhat below the
top of the platinum wire. Another reason is

probably that by direct solution a thin layer of
clinker has been dissolved by the ash during the
very initial stages of the reactions.
A clinker such as Cl, containing 3.8 percent of

free CaO and 75 percent of C3S, would by trans-
formation of all C3S crystals to and by giving
off all the free CaO, shrink in volume by about 23
percent.

In figure 6 the thickness of zone Z2 has been
measured and found to be about 510^. Assum-
ing a shrinkage of 23 percent the original thickness
of that layer would have been 660^. The distance
froni the border line Z2 and Z3 to the top of the
platinum wire has also been measured and found
to be about 700^. Thus, it would seem that by
direct solution a layer of clinker, corresponding
to a thickness of 40/1, has been dissolved directly
by the ash.

These figures correspond to a reaction tempera-
ture of 1,500° C. At 1,400° the dissolved layer
is somewhat thinner. Furthermore, the dissolved
layer is somewhat thicker in the case of ash Al, of
low lime content, than in case of ash A2, but this
is also to be expected.

In these calculations it has been assumed that
the porosity of zone Z2 is the same as that of the
original clinker. However, figure 5 indicates a
somewhat greater porosity for zone Z2, which
means that the dissolved layer would actually be
slightly greater than found in the above mentioned
calculations.

As the reactions proceed, the distinct border
line between zones Zl and Z2 is gradually obliter-
ated, since the C2S crystals in zone Zl gradually
assume the same rounded shape as in Z2. The
disappearing of the border line Zl and Z2 is

generally found to take place earlier when smaller
amounts of ash per unit area are used.
During the later reactions, when the ash layer

has been saturated with CaO (with complete
formation of C2S) the transformation of C3S into
C2S crystals in the clinker will stop, i.e., the border
line Z2 and Z3 will not move further down into
the clinker substance. However, in the case of
the high-lime clinker Cl, free lime from farther
down in the clinker may be used for re-establishing
crystals of C3S in zone Z2 and in particular near
the border line between zones Z2 and Z3. Such
characteristic crystals of C3S, which generally
appear as particularly large-size crystals, can be
seen in figures 12 and 13. In these figures, in-
clusions of the original C2S substance may be
seen in C3S crystals of this type.

In the case of a long reaction time and a
comparatively small amount of ash per unit area,
this reaction may lead to a complete transforma-
tion of the C2S in Z2 into C3S. The transformation
may even continue into zone Zl, the original ash
layer, as seen in figure 14.
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Figure 7. X 100. Test series B^. Clinker CI.

Ash A2.—1,500 °C—6 min—150 mg ash/cm2.

Figure 9. X 500. Test series B2. Clinker CI.

Ash A2.—1,500 °C— 1 hr—150 mg ash/cm2.



Figure 11. X 660. Test series B2. Clinker CI.

Ash A2.— 1,500 °C—1 hr—150 mg ash/cm^.

Figure 13. X 500. Test series Bl. Clinker CI.

Ash Al.—1,400 °C—6 hr—50 mg ash/cm^.



Depth of the Zones Z2 and Z3

The graphs in figures 15, 16, and 17 show the

depth of penetration of zones Z2 and Z3 as a func-

tion of the time of reaction, plotted on a double
logarithmic scale. The depth of penetration of

zone Z2 has been measured as the distance from
the top of the platinum wire to the border line

between Z2 and Z3, whereas for zone Z3 it has
been measured as the distance from the border
line Z2 to Z3 to the border line Z3 to clinker.

It will be seen that the depth of penetration
"p" in relation to the time of reaction "t" is almost
a straight line, indicating that the reaction takes

place according to an equation of the following

type:

(3)

the constant "k" corresponding to the slope of the
lines, and having values varying from 0.32 to 0.42.

The test series Bl (without the platinum
wire), have shown that the zone Z3 may increase

still further in thickness, and at 6 hr reaction

time reach a value of up to 1,300 m-

It must be assumed that the greater part of the
transport of CaO, through the zone Z2, from the
border line Z2 to Z3 to the border line Zl to Z2,
takes place as diffusion through the liquid between
the C2S crystals.

The diffusion may be estimated approximately
in the following way:
An area, comprising one cm^ of zones Zl, Z2,

and Z3, is shown schematically in figure 18.
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At a certain time (t) the border line Z2 to Z3

is situated at a distance (p) from Zl to Z2. In

zone Z3,Cag of CaO/cm^ is assumed to be available

for diffusion into zone Zl. Further, the concen-

tration of CaO in the liquid phase at the border

line Zl to Z2 is taken as Ci and at the border line

Z2 to Z3 as Co, assuming Ci and cq to be constant.

During a time element (dt) the border line

Z2 to Z3 moves a certain distance (dp), thus an

amount of lime CaXdp will move by diffusion into

zone Z2.

The law of diffusion states that

dt p
(4)

where D is the coefficient of diffusion. By inte-

gration, within the limits t=0, to t=t,

or

p=k

(5)

(6)

are obtained, k being a constant.

The connection between p and t in general

agrees with the results show in figures 15, 16, and
17. The reason why the lines shown on these

figures have a slope which for the penetration of
Z2 is somewhat below 0.5 may be that the figures
for the penetration of Z2 should have been cor-
rected for the thickness of the layer of clinker
directly dissolved during the initial stages of the
process. If a correction corresponding to about
50 M is subtracted from all the figures, the slope
of the lines will approach the value of 0.5.

The depth p, being a function of Ca, is in agree-
ment with the fact that for the low lime clinker
C2 a greater depth of penetration has been found
than for the high lime clinker Cl. The difference
in penetration for the two types of clinker is,

according to the graphs, somewhat smaller than
the value calculated at 1,400°, and somewhat
higher at 1,500 °C.

It would be natural to expect that as the lime
content in the ash layer (zone Zl) increases, there
would be a corresponding decrease in the rate of
CaO absorption by the ash. However, this does
not seem to be the case, at any rate not for the
range of lime concentrations up to a ratio CaO/Si02
in the ash of about 1.5, as can be seen by compar-
ing figures 4 and 5.

During one hour at 1,500 °C, the penetration
of Z2 increases to a depth of about 700 \l in
both cases, while the ratio CaO/Si02 in the ash
layer increases from a value of 0.12 to about 0.7
in case of ash Al, whereas in case of ash A2 it

increases from 0.7 to about 1.5.

Test Results in Relation to Industrial Experience

As a conclusion it would, of course, be of

interest to judge how the various test results

could assist in the general understanding of the

various problems which are met in practice when
burning portland cement clinker in a rotary kUn
with coal of high ash content. The main prob-
lems arising from the use of such a coal would
generally be (a) the tendency to ring formation
in the kUn, thus disturbing its operation, and
(b) the influence on the physical properties of the

resulting cement, mainly through its strength

and expansion properties.

The layer of ash precipitated onto the surface

of nodules or clinker will for a certain time, as

long as the lime content of the ash layer is low,

have a melting point which is lower than that of

the clinker. Therefore, in the burning zone there

will be a tendency for this clinker covered with
ash to stick together and to the surface of the
lining ; this behavior is well known. The tendency
for the ash to cause these troubles will naturally

be expected to be less the smaller the amount of

ash per unit area of the clinker surface.

It has been seen that the molten ash has a

pronounced tendency to penetrate into even the

very small pores and cracks in the clinker. Thus
as the porosity of the clinker increases, the area
for reaction between ash and clinker also increases,

thereby reducing the amount of ash per unit area
of clinker. This means that the layer of ash

would in a short time reach such a degree of lime
saturation that the tendency for the clinker to
stick either together or to the surface of the lining
would be greatly reduced. It is also evident that
the higher the temperature in the burning zone,
the quicker the ash will react with the clinker.

Now it is a well-known fact that a high silica

ratio as well as a high lime saturation wQl generally
counteract the tendency to ring formation in cases
where fuel of high ash content is used. Both
these measures will, in fact, raise the burning
temperature and, therefore, the speed of reaction
between ash and clinker while furthermore, a high
silica ratio will also increase the porosity of the
clinker.

The porosity and the surface properties of the
molten ash in relation to the clinker are, undoubt-
edly, very important factors in avoiding an exces-
sive tendency to ring formation when using coal
of high ash content in a rotary kiln.

As the tests show, the depth to which the ash is

able to react with the clinker under the conditions
prevailing in a kiln, is comparatively small, gen-
erally not more than about }^-l mm. If it were
not for the comparativeh^ great porosity of the
clinker and the tendency for the molten ash to
penetrate into the pores, the ash would remain on
the surface of the clinker and, undoubtedly, cause
great inconvenience during the operation of the
kiln.
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Portland cement clinker burnt for instance to

an average liter weight of 1,350 g (measured on a

fraction from 5-10 mm in size) may have a total

porosity of about 20 percent, of which open pores

would amount to 16 percent. Thus there would

be every chance for the ash to penetrate deeply

and react with the clinker. However, the absorp-

tion of ash onto the nodules or the clinker and

the resulting reactions will lead to certain in-

homogeneities in the clinker, which will influence

the physical properties of the cement made from

the clinker in question.

The pores and the cracks in the surface of the
clinker cannot be expected to be evenly distributed,
and, therefore, in some places comparatively large
amounts of ash will penetrate into the clinker,

resulting in areas of C2S crystals. Therefore, under
equal conditions, the average lime saturation of

the clinker cannot be kept as high, without the
risk of getting clinker with a high content of

free CaO, in the case of a fuel of high ash content,
as it could have been with a fuel of lower ash
content. Even with the same average lime satura-
tion, however, the inhomogeneity of the clinker

caused by the ash reactions may cause some reduc-

tion in the strength properties of the cement.

Concluding Remarks

Besides adding to the better understanding of

the practical problems involved in the application

of high-ash coal to the burning of portland cement

clinker in a rotary kiln, the investigations have

also contributed to the understanding of the

mechanism of the reactions which take place dur-

ing the formation of the clinker minerals during

the burning process. In particular, the important

part which the movement of CaO plays in the

formation of the clinker minerals has been demon-

strated.

Furthermore, it would perhaps be justified to

point out once more the importance of the micro-
scopical examination of portland cement clinker as

a valuable instrument in the investigation of prob-
lems which it would be very difficult to solve
solely by chemical analyses.

In the planning and execution of the tests which
have been carried out in the laboratories of F. L.

Smidth and Co. A/S., Copenhagen, very valuable
assistance has been rendered by K. A. Simonsen,
and further by A. F. Mansell, especially in com-
piling the test results.
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Paper II-S5. Solid Solution of Alumina and Magnesia in Tricalcium
Silicate*

F. W. Locher

Synopsis

Mixtures of tricalcium silicate and tricalcium aluminate were burnt at 1,500 °C and
quenched. The composition of the melt which is thus formed is indicated by the invariant
point D at 1,470 °C of the ternary system CaO-Al203-Si02. As it is relatively poor in

lime and, due to the rapid quenching, can not react with the solid phases C3S and CaO,
the mixture must contain a corresponding amount of free CaO, although practically no free

CaO is present in the constituents C3S and C3A of the initial mixture. Consequently, the
occurrence of free CaO indicates that the heated sample contained a liquid phase. As the
liquid is formed principally from the aluminate that was not taken up into the C3S, it can
be determined with the help of the chemical-analytically determined content of free CaO
what is the maximum amount of C3A that can be talcen up by the C3S in solid solution.

The investigations indicated a maximum of about 2 percent C3A, equivalent to 0.7 to 0.8

percent AI2O3. The entering Al atoms occupy the positions of Si atoms. X-ray diffraction

investigations revealed that the dimensions of the C3S lattice were hardly changed, if at
aU, by the takeup of C3A.

Magnesium ions can replace the calcium ions in the lattice of the tricalcium silicate,

which are then present in the burnt mixtures as free CaO. With the help of the content of

free CaO it was estabhshed that at 1,420 °C, C3S can take up about 1.5 percent MgO, at
1>500 °C up to 2.5 percent MgO, and also if the mixture further contains 4 percent C3A.

Resume

Des melanges de silicate tricalcique et d'aluminate tricalcique ont ete soumis h une
temperature de 1,500 °C, puis a un refroidissement trempe. La composition de la masse
fondue ainsi formee est indiquee par le point invariant D (1,470 °C) du systfeme ternaire
CaO-Al203-Si02. Etant donn6 que le melange est de teneur relativement faible en chaux et

que, par suite du refroidissement rapide, il ne peut pas produire de reaction avec les phases
solides C3S et CaO, il doit contenir une quantite correspondante de CaO libre; bien qu'il n'y ait

pratiquement pas de CaO libre dans les constituants C3S et C3A du melange initial. Par
consequent la presence de CaO libre indique que I'^chantillon soumis k la cuisson contenait
une phase fondue. Puisque la masse fondue est principalement formee a partir de I'alumi-
nate qui n'a pas et€ absorbe dans le C3S, on peut determiner {k I'aide de la teneur en CaO
libre, laquelle est d6terminee par methode chimique analytique) la quantite maximum de
C3A qui peut etre absorbee par le C3S en solution solide. Les r&ultats des recherches
indiquent un maximum d'environ 2 % C3A, equivalent a 0.7-0.8 % AI2O3. Les atomes
de Al qui sont entres occupent la position des atomes de Si. Les etudes de la diffraction
aux rayons X ont revele que I'absorption de C3A n'avait qu'a peine modifie les dimensions
du r^seau de C3S, s'il y eusse aucune modification de ces dimensions.

Des ions de magnesium peuvent remplacer les ions de calcium dans le reseau de siHcate
tricalcique, ces derniers se trouvant alors sous forme de CaO libre dans les melanges cuitg.

A I'aide de la teneur en CaO libre on a 6tabli qu'a 1,420 °C,C3Speut absorber environ 1.5%
de MgO, k 1,500 °C il peut prendre jusqu'a 2.5% de MgO, egalement si le melange contient
de plus 4% de C3A.

Zusammenfassung

Mischungen aus Tricalciumsilikat mit Tricalciumaluminat wurden bei 1,500 °C
gebrannt und schnell gekiihlt. Die Zusammensetzung der Schmelze, die sich dabei bildet,

wird durch den Invarianzpunkt D (1,470 °C) des Dreistoffsystems CaO-Al203-Si02
angegeben. Da sie verhaltnismaCig kalkarm ist und infolge der schneUen Kiihlung nicht
mit den festen Phasen C3S und CaO reagieren kann, muC die Mischung eine entsprechende
Menge freies CaO enthalten, obwohl in den Komponenten C3S und C3A der Ausgangsmi-
schung praktisch kein freies CaO vorliegt. Das Auftreten von freiem CaO zeigt infolgedessen
an, daB die erhitzte Probe eine Schmelzphase enthielt. Da sich die Schmelze im wesentli-
chen aus dem Aluminat bildet, das nicht in das C3S eingebaut wurde, kann mit Hilfe des
chemisch-analytisch bestimmten Gehalts an freiem CaO festgesteUt werden, wieviel C3A
das C3S hochstens in fester Losung aufnehmen kann. Die Untersuchungen ergaben als

Grenze etwa 2 % C3A entsprechend 0,7-0,8 % AI2O3. Die eingebauten Al-Atome besetzen
die Platze von Si-Atomen. Rontgenographische Untersuchungen zeigten, daI5 die Ab-
messungen des C3S-Gitters durch Aufnahme von C3A nicht oder nur wenig geandert werden.

Magnesiumionen konnen im Gitter des Tricalciumsilikats die Calciumionen vertreten,
die dann in den gebrannten Mischungen als freies CaO vorliegen. Mit Hilfe des Gehalts
an freiem CaO wurde festgestellt, daB C3S bei 1,420 °C bis zu etwa 1,5 %, bei 1,500 °C bis
zu 2,5 % MgO aufnehmen kann, und zwar auch dann, wenn das C3S auBerdem 4 % C3A
enthalt.

'Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from Forschungsinstitut der Zementin
dustrie, Diisseldorf, Germany.
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Introduction

The formula

54CaO-16Si02-Al203-MgO,

abbreviated to

C54S.6AM

has been attributed by J. W. Jeffery [1] ' to the

alite of Portland cement clinker. According to

this formula, in 18 formula units of tricalcium sili-

cate 2 Si atoms are to be replaced by 2 Al atoms
and as charge compensation 1 Mg atom is to be
placed in an intermediate lattice position. It was
found, however, that it is not possible to produce

a pure alite of this formula. Mixtures of this

composition always contain after burning about
5 percent free CaO that does not decrease even
after frequently repeated heating up to 1,500 °C.

This finding, which shows that the formula of

J. W. Jeffery attributes too high a lime content to

the alite, must be interpreted as follows: An Al

atom entering into the alite in solid solution re-

places a Si atom and can therefore bind 3CaO,
that is to say, to one mole AI2O3 belong 6 moles
CaO. In the lime-richest independent alumina
compound, tricalcium aluminate, only 3 moles
CaO are bound with 1 mole AI2O3. If the tricalcium

silicate takes up less alumina in solid solution than
is indicated in the aforementioned formula, tri-

calcium aluminate is formed, with a corresponding
amount of free CaO.

Free CaO can also occur if the magnesium ions

do not occupy intermediate lattice positions but
replace the calcium ions in the lattice of the tri-

calcium silicate. However, this could only explain

a free CaO content of about 1.4 percent. As about
5 percent of free CaO always occurred in burned
mixtures with the composition C54S16AM, it was
to be assumed that alite contains less alumina than
is indicated in the formula. It was necessary,

therefore, to investigate how much alumina tri-

calcium silicate can take up and whether an addi-

tion of MgO has an influence on the solubility of

alumina in tricalcium silicate.

The point of departure for the determination
of the maximum alumina content that can be
taken up in tricalcium silicate was the following
consideration. In mixtures of tricalcium silicate

and tricalcium aluminate, heating to 1,470 °C
yields a melt which contains all the tricalcium
aluminate and only a small amount of tricalcium
silicate. However, the alumina content of the
tricalcium silicate will not participate in the for-

mation of the melt. The composition of this melt
at 1,470 °C is determined by the position of the
invariant point D (1,470 °C) in the ternary system
CaO-Al203-Si02 (fig. 1). According to the data
given by G. A. Rankin and F. E. Wright [2] on
the ternary system it contains

59.7% CaO
32.8% AI2O3

7.5% Si02.

According to the investigations of E. Spohn [3]

and H. Kiihl [4], at sintering temperature the
solid phases are in equilibrium with the melt. As
the melt, however, is poorer in lime than the initial

mixtures of tricalcium silicate and tricalcium
aluminate, this condition being recognizable by
the fact that point D lies on the low-Time side of
the connecting line C3S—C3A, CaO must occur
as a further solid phase. If the mixtures are
cooled imder equilibrium conditions, the CaO is

re-absorbed by the melt, but with sufficiently

rapid cooling it remains free. The occurrence of
free CaO in the burnt and quickly cooled mixtures
indicates, therefore, that a liquid phase was
formed.

Accordingly, it should be possible to establish,

with only the help of chemical determinations of
the free CaO, how much tricalcium aluminate can
be taken up into the lattice of the C3S. The free

CaO should also be able to furnish information as
to whether the magnesium ions taken up by the
C3S occupy intermediate lattice positions, that
is to say, enter additionally into the lattice, or
whether they replace the calcium ions and dis-

place an equivalent amount of CaO from the tri-

calcium silicate.

Method of Investigation

For the purpose of th'^ investigations the com-
pounds tricalcium silicate and tricalcium alumi-
nate were prepared by the usual method and then
mixed with each other in various proportions with
or without an addition of MgO or CaO. All the
mixtures were homogenized by repeated sieving

and cautious grinding in a porcelain mortar,
stirred with distilled water to a plastic paste,

shaped into granules, burnt for one hour at 1,500
°C and then rapidly quenched in air. The burn-
ing temperature of 1,500 °C, which thus lay 30 °C
above the temperature of the invariant point D,
was chosen to ensure that all the tricalcium

' Figures in brackets indicate the literature references at the end of this
paper.

aluminate was melted. Consequently, although
the composition of the melt pIso changed, the
course of the boundary curve C3S—CaO (fig. 1)

shows that principally only the C3S content of the
melt increased and that there was little change m
the content of free CaO.

In the burnt mixtures the free CaO was deter-

mined by the method of B. Franke [5] in which
process the CaO is dissolved in a mixture of ace-

toacetic ester and isobutyl alcohol and titrated

with 0.1 N hydrochloric acid. In addition, a
niunber of mixtures were investigated by X-ray
diffraction with a Geiger-counter goniometer. The
exact position of the lines was established with
NaCl as standard substance.
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FiGUBE 1. Section of the ternary system CaO—AkO)—SiQ^ with the invariant

point D (1,470 °C), in which CaO, tricalcium silicate and tricalcium alumi-
nate are stable beside each other.

Results

The Amount of Tricalcium Aluminate Taken
Up by Tricalcium Silicate

Figure 2 shows the results of tests with mix-
tures of tricalcium silicate without and with CaO
or MgO and various amounts of tricalcium alumi-
nate. It is seen that in mixtures of C3S and MgO
(C3A content=0) the content of free CaO in-

creases with the MgO content. This finding

would appear to indicate that in the lattice of the
pure tricalcium silicate the magnesium ions can
replace the calcium ions. In mixtures of C3S,
C3A, and MgO, the content of free CaO first de-
creases with increasing C3A content, reaches a

minimum value at about 2 percent C3A, and then

rises in a line with the C3A content. This curve

shows that C3A contents of more than 2 percent

already form a melt, that is to say, that the alite

can contain approximately 2 percent C3A at the

most, i.e., 0.7 to 0.8 percsnt AI2O3.

The thin straight lines indicate the amounts of

free CaO calculated on the assumption that the

melt has the composition of the invariant point D
in the ternary system CaO-Al203-Si02, that

pure C3S, C3S with 2 percent or with 4 percent

C3A crystallizes in solid solution, and that in

cooling, the melt no longer reacts with the solid

phases C3S and CaO. The chemically determined
increase in the content of free CaO tallies very
well with the calculated rise of the straight lines

and thus shows that the occurrence of the free

CaO in burnt mixtures of C3S and C3A can be
explained by the formation of a melt poor in lime.

1
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Figure 2. Content of free CaO in mixtures of tricalcium
silicate, tricalcium aluminate and MgO or CaO after

burning at 1,600 °C and rapid quenching in air.

Small MgO contents have only a slight influence

on the position of the invariant point D. Investi-

gations by H. F. McMurdie and H. Insley [6]

showed that in the presence of 5 percent MgO the

melt is still slightly poorer in lime at point D.
The solid phases should, therefore, be richer in
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lime, i.e., in the formation of a melt more free CaO
should occiir in the system with MgO than in the

MgO-free system.

In mixtures with less than 2 percent C3A the

free CaO decreases with an increasing C3A content.

This finding would appear to indicate that an MgO
content stimulates the entry of alumina into the

alite.

The Amount of MgO Taken Up by Trical-

cium Silicate

It has already been pointed out in the foregoing

section that free CaO is formed in mixtures of

tricalcium silicate and MgO during heating. For

the purpose of investigating the connection be-

tween the contents of MgO and of free CaO, the

free CaO was determined in burnt mixtures of

pure C3S with various amounts of MgO. The
results are presented in figure 3. It is perceived

that the content of free CaO first rises steeply

with an increasing MgO content, reaches a maxi-

mum value at a certain MgO content, then falls

steeply, and, with still higher MgO content,

continues to fall only slightly. This curve reveals

that the magnesium ions are taken up into the

C3S lattice in place of the calcium ions, that is to

say, they displace the calcium ions up to a maxi-

mum extent which depends on the temperature

treatment. The higher the temperature the more
MgO the C3S lattice can take up.

In order to check whether the magnesium ions

also displace the calcium ions if the lattice of the tri-

calcium silicate simultaneously contains elumina,

three mixtures of 96 parts C3S and 4 parts C3A,

to which had been added 1, 2, and 3 percent MgO,
were burnt at 1,500 °C and after quenching as
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Figure 3. Content offree CaO in burnt mixtures of tricalcium

silicate with magnesium oxide.

rapidly as possible in air, the content of free CaO
was investigated. The results are shown by the
thin curved line of triangles in figure 3. It is

seen that with an addition of MgO the content of
free CaO increases from 0.15 to 1.77 percent,
showing that the magnesium ions also take the
place of the calcium ions when there is a simul-
taneous takeup of AI2O3 and MgO.

X-ray Diffraction Investigations

Figure 4 presents the Geiger-counter diagrams
of a number of mixtures which were burnt at 1,500
°C. The two lower diagrams of pure tricalcium
silicate and of an MgO-free mixture of C3S and
C3A reveal, in agreement with the findings of W.
Jander and J. Wuhrer [7], that the takeup of alu-

mina in C3S has no influence or only a very slight

influence on the position of the lines, that is to say,

on the dimensions of the crystal lattice. The two

SI 62 60 SS 56 5¥ 52 50

X- ray diffraction angle (CuKcc -radiation)

Figure 4. X-ray diagrams of mixtures of tricalcium silicate,

tricalcium aluminate and MgO or CaO after burning at

1,500 °C and rapid quenching in air.
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middle lines in the diagram of the CsS-CaA-CaO
mixture at 1.630 A and 1.542 A ((2213) and
(2214), according to G. Yamaguchi and H. Miyabe
[8]), in the diagram of the pure C3S lie at 1.631 A
and 1.542 A. The pattern of the lines changes,

however, with glancing angles of reflection, 20, of

about 51.5° (c?=1.76 A) and 62.5° {d=lA9 A),

which form multiplets in pure C3S but occur in

the mixtures as simple lines.

The top four X-ray diagrams of samples with
MgO show, like the results of K. Koyanagi and
T. Sudoh [9], that with a takeup of MgO the
lattice of the tricalcium silicate contracts, this

being recognizable by the fact that the two marked
lines shift over to smaller (/-values. The top
three diagrams reveal that even alumina-free tri-

calcium silicate that contains 1.5 percent MgO
already produces an X-ray diagram of an alite.

Discussion of Results

The tests led to the following results

:

1. Tricalcium silicate cannot take up more
than about 0.7 to 0.8 percent AI2O3, equivalent to

2 percent tricalcium aluminate, in its crystal

lattice. The Al atoms here occupy the positions

of the Si atoms. R. Naito, Y. Ono, and T. liyama
[10] indicate approximately the same low values
for the alumina content of the alite, i.e., 2.5 to

3.0 percent C3A. These values were calculated
on the basis of a diagram that was presented in a
short review of the work of the Japanese scientists.

A. Guttmann and F, GUle [11] found about 2.5

to 5,0 percent tricalcium aluminate in relatively

pure alite samples which they produced from
technical clinker by centrifuging with heavy solu-

tions. H. E. Schwiete and W. Biissem [12] estab-
lished on a selected part of a furnace coating with
s«me 90 percent alite that about 4.5 percent tri-

calcium aluminate was contained in the alite in

solid solution. StUl higher values, namely 6 to

7 percent tricalcium aluminate, are indicated by
W. Jander and J. Wuhrer [7]. This value tallies

with the formula of J. W. Jeffery which attributes

a 6.5 percent content of tricalcium aluminate to

the alite.

2. Magnesium oxide can enter the lattice of the
tricalcium silicate at 1,420 °C up to about 1.5

percent and at 1,500 °C up to 2.5 percent. As

the content of free CaO increases hereby from
about 0.1 percent in the pure C3S to 1.5 to 2.0
percent it is assumed that the magnesium ions
displace the calcium ions.

According to K. Koyanagi and T. Sudoh [9] the
tricalcium silicate can take up less MgO, namely,
only 1.0 to 1.5 percent. They established this

with the aid of X-ray diffraction investigations.
3. The investigations showed that MgO can

enter into the tricalcium silicate independently of
the AI2O3 and that it is not taken up additionally
as charge compensation and placed on intermedi-
ate lattice positions, but that it replaces the cal-

cium ions. The difference in charge between the
quadrivalent silicon ion and the trivalent alumin-
ium ion taken up in its place is therefore com-
pensated in some other way. As the structure of
the tricalcium silicate contains oxygens outside
the tetrahedron it is probable that with the takeup
of AP"*" an equivalent number of these oxygen
positions will not be occupied.

The above work was published in somewhat
more detail in Zement-Kalk-Gips, September,
1960, under the title "Die Einlagerung von AI2O3
und MgO in TricalciumsUikat."
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Discussion

Guenter Ahlers

The purpose of this discussion is to report the
results of some studies on the periclase content of

Portland cement. The difference between this

and the total MgO content is an upper limit for

the amount of MgO in the alite, since it is equal to

the total combined MgO. It is felt that the fact

that even this upper limit was foimd to be less

than the amount indicated by Jeffery's formula is

of some interest in relation to Dr. Locher's work
on a simpler system.
The cement samples were analyzed for periclase

by means of X-ray diffraction. The procedure
was very similar to the one used by Copeland,
et al. [1].' The samples were ground together

with 10 percent silicon as internal standard in a
vibratory ball mill. The material was vibrated
into a sample holder, as described by Copeland
and Bragg [2]. The ratio of the line areas of the

(200) periclase line and the (311) silicon line was
used for analysis. A calibration was obtained by
adding three different known amounts of periclase

to a cement sample, and obtaining the line inten-

sity ratios to the standard line. The periclase

used was obtaiaed by heating CP. basic magne-
sium carbonate at 950 °C. for several hours.

The chemical analysis ^ for MgO was done
according to the usual ASTM procedure.

Eighteen cement samples from six different mills

were analyzed. The results are shown in table 1.

Each value is the average of three analyses. The
uncertainties in the data are larger than the
amoimt of combined MgO, and thus some of the
differences are negative. The differences have an
average of 0.05 percent MgO, and this is the best
estimate of the average amount of combined

Table 1. Analyses of portland cement for periclase and
total magnesium oxide

Sample Periclase Total MgO Difference
X-ray chemical

% %
I-l 1.24 1.21 -0. 03
1-2 2. 36 2. 38 +.02
1-3 2. 30 2. 38 +.08
1-4 1.29 1.21 -.08
II-l 3.52 3.30 -.22
II-2 3. 82 3. 91 +.09
II-3 3.60 3. 55 -.05
n-4--. 3.29 3. 30 +.01
ni-i._ _ 4. 14 4. 43 +.29
m-2 3. 76 3. 95 +.19
ni-3 4. 11 4.07 -.04
m-4 4. 32 4.43 +.11
IV-l 2.94 3. 02 +.08
IV-2 2. 62 2.82 +.20
V-1 _ 3. 74 4. 11 +.37
V-2 4. 27 4. 19 -.08
VI-1 4.09 4. 13 +.04
VI-2 3.93 3. 95 +.02

1 Figures in brackets indicate the literature references at the end of this
paper.

2 The author is indebted to the control laboratories of the Riverside Cemen t

Company for these analyses.

MgO. Consideration of the scatter of the cali-

bration data about a straight line and of the three
analyses per sample leads to a probable error of

±0.17 percent for the average of the combined
MgO. Allowing for some error in the chemical
analyses, it then appears that on the average the
amount of combined MgO does not exceed 0.3

percent, and probably is in the neighborhood of

0.1 percent.

The samples all contained between 35 and 50
percent C3S as calculated by the Bogue method,
and on the average they contained 42.5 percent
C3S. Thus, if all the combined MgO combined
with the C3S, then the alite in the cements should
on the average have contained 0.2 percent MgO,
with a maximum possible content of 0.7 percent
MgO. This is definitely less than Jeffery's value,

and it is in good agreement with the amoimt of

stabilizer used by Copeland, et al., [1]. Cope-
land's replacement of two Si04 groups in 54 such
groups would result in about one third of one
percent MgO.
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Discussion

E. Woermann

During our work on the effects of reduction on
the equUibrixma in portland cement clinker and
especially on the alite phase [1] ^ it has been found
that:

1 . By action of reducing atmosphere in presence

of iron-bearing compounds the free lime content

of clinker—especially of clinker very rich in

alite—is raised considerably.

2. Solid solution of Fe++ and Fe+++ in tri-

calciirm silicate causes some changes in the

lattice of the compound, resulting in a powder
pattern resembling that of alite containing Mg+"''

and A1+++ in solid solution.

3. Solid solution of Fe++ in alite brings about
an extremely high instability of this compound
as compared with alite containing Mg"*""*" in solid

solution instead.

It seemed desirable to gain some further infor-

mation on the influence of different ions on alite

and its stability. Searching for some experi-

fhental method we tried to determine the influ-

ence of certain additions on the free lime content

of our samples. Thus we made use of some
methods very nearly resembling those of Locher.

Furthermore, as Mg++ and A1++"*" are much
easier to treat experimentally than Fe"*""^ and

I Figiires in brackets indicate the literature references at the end of this

paper.
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Figure 1. Change in free lime content of C3S and clinker resulting from addition of magnesia.

Fe"*"*"*", we started our experiments by testing the

influence of magnesia and alumina on tricalcium

sUicate. Thus our results may directly be com-
pared with those of Locher, and it seems that they
compare very well (fig. 1).

In figure 1 the abscissa represents the amount of

magnesia added to the charges, while the ordinate
shows the change in content of free lime (=CaO
difference) effected by this addition of magnesia
as determined by analysis.

We find that after addition of magnesia to a
sample of pure tricalcium silicate and burning
until the value of free lime determined by analysis

remains constant, this content of free lime is

higher than in the original sample containing no
magnesia. By plotting the results (fig. 1) we
find that our points lie very close to a line which
represents equivalence between the CaO of the
ordinate and MgO of the abscissa. A slight

deviation may partly be explained by experimental
error, partly by lack of real equilibrium in the
sample. Regarding the fact that nearly all of our
points lie below the line, we may not exclude the

possibility that there is a real deviation of our
points from the line which, however, must be very
small. We may conclude that up to a certain

maximum limit of addition of MgO, Mg++ ions

may replace Ca"*""*" ions in tricalcium silicate.

This is in perfect agreement with the results of

Locher.

When MgO is added to a charge of C3S contain-

ing alumina in solid solution we find, however,
that after burning of the charge and determination
of the free lime the points do not follow the line

of equivalence of CaO and MgO any more, all of

them lying distinctly lower, apparently following

their own line of reference. This means that for

any amount of magnesia added, less than the
equivalent amount of lime is liberated. Thus,
while still a greater part of the magnesium ions

added is replacing calcium ions in the alite lattice,

another fraction of the magnesium seems most
probably to be included in the lattice of alite,

other than by occupying Ca"*""*" positions. More-
over there seems to exist a certain relationship

regarding the amount of Mg++ substituting for

Ca++ and of Mg^^ included into the alite lattice.

Furthermore, figure 1 demonstrates that the
limit of solubility of magnesium in alite is higher
than in tricalcium silicate, while in both cases the
maximum amount of lime that may be liberated

by the magnesia is the same.
Considering the fact that alite is a major phase

in Portland cement clinker, we extended our
studies to learn something about the influence of

MgO on the phase composition of normal clinker.

Plotting the points obtained from this experiment
on the same graph (fig. 1) we find them closely

following the alite line. Thus additions of

magnesia in portland cement clinker may cause
a rise of free lime content of about 2.0 to 2.5

percent. Considering this influence on the lime
saturation of a clinker it seems to be important
to include the value of MgO in any method for

computation of cement composition.
The theory that a certain fraction of the Mg"*""*"

ions are included in the alite lattice other than
by substituting for Ca^"*" may be supported by
some observations on the decomposition of alite.

It seemed rather puzzling to find that a solid

solution of ferrous iron in alite results in an extreme
instability of this compound, so that it may
hardly be possible to prevent the alite from being
decomposed, while on the other hand alite con-
taining magnesium in solid solution shows a
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comparatively weak tendency to decompose.
Thus we tried to gain some more knowledge on
the effect of admixtures of other divalent ions on
alite.

Table 1 shows a list of divalent ions which have
been tested for their influence on the stability of

alite, arranged according to their ionic radii.

Table 1. Influence of divalent ions on stability of alite

Admixture

Ionic
radius
(after

Ahrens
1952)

Disinte-
gration of
alite after

cooling at

5 °C/min

Mg++ 0.66
Ni++.. .69
Co++ .72 +
Fe++.. .74 +
Mn++ .80 +

According to these results, Ni''"'" has much the

same effect on alite as Mg++, while Mn^^ and
00++ resemble ferrous iron in exerting an acceler-

ating influence on the decomposition of alite.

Thus, strikingly, all divalent ions with an ionic

radius greater than about 0.7 A do exert this

destructive influence on alite under given cooling

conditions, some of them even to a still higher

degree than Fe"*""*", which may lead to the conclu-

sion that these ions were rather too large to be
included into the lattice. By thermal expansion
of the lattice during sintering temperature a cer-

tain amount of these ions may have been included
in the lattice, but with subsequent cooling and
contraction they induce a destruction of the

lattice.

Since aU of these ions are distinctly smaller than
Ca"*""*" (ionic radius=0.99 A) they cannot be too

large as substituents for Ca"'""''. But assuming that

these ions entered some of the holes in the lattice

denoted by Jeffery [2] it may be imagined that
really some ions may be too large for these holes.

This observation thus confirms the theory that
some of the Mg^""" ions are included in the lattice

of alite other than by substituting for Ca+"'".
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Closure

F. W. Locher

It is to be expected that in the heating of mix-
tures of MgO and tricalcium silicate an equilib-

rium wiU occur between the MgO taken up in

solid solution and the whole MgO present in the
sample. The position of the equilibrium will

depend on the following factors:

1. MgO concentration in the sample
2. Temperature treatment
3. Kind and amount of foreign ions present

It follows from this that the investigations hitherto
carried out reveal only what MgO concentration
in the sample is necessary to saturate the trical-

cium silicate or the alite with MgO. They give no
indication of the amount of MgO taken up in

solid solution.

The investigations of G. Ahlers, for instance,
show very clearly that the alite of the cement
clinker takes up only very little MgO although
relatively large amounts up to more than 4 percent
were available to it. Taking into account that
the aluminate ferrite phase also takes up MgO
and, according to H. E. Schwiete and H. zur
Strassen [1], thus give the cement its greenish
color, and that, according to H. Miiller-Hesse
and H. E. Schwiete [2], the tricalcium aluminate
can take up as much as 2.5 percent MgO it follows

that the alite of the cement clinkers investigated

by G. Ahlers can contain only an extremely small
amount of MgO. The major part of the MgO
was present as periclase. Nor is it to be expected,
therefore, that in the mixtures used by E. Woer-
mann, the MgO available was completely taken
up by the tricalcium silicate or by the alite in

solid solution. In this way it might also be
explained why not all the MgO added to the mix-
ture forms free CaO.
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Paper II-S6. Reaction Velocity in Portland Cement Clinker Formation *

Renichi Kondo

Synopsis

In the investigation of the burnability of portland cement, detailed studies on the
reactions of clinker formation were performed, intending, first to clarify the differences in
the reaction mechanism when selecting clays or granulated blast furnace slag as the sources
of silica and alumina, and second to establish a method of measurement of reactivity. The
results are as follows:

(1) The reaction between lime and clays containing quartz to form C2S is noticeable
above 1,100 °C. With reaction products burned in this temperature range, despite rapid
cooling, slight expansion and dusting occur. The reactivity of highly siliceous clay is

superior to that of low-silica clay combined with silica sand. Slag crystallizes out as meli-
lite, and then absorbs lime to form C2S. Considerable expansion occurs, but dusting can
not be observed on cooling. The reactivity of the raw mixtures containing slag besides
silica sand is excellent, especially in the stage of C2S formation, up to 1,250 °C. The differ-

ences of reactivity due to the differing type of raw material diminished above about 1,250 °C
to form C3S.

(2) The rate of reaction in burning may be expressed by the formula, (1 —Vl— a;)''= Kt.

At constant temperature, it seems that the contact-reaction and diffusion processes are
predominant in the initial and successive stages respectively, because N is smaller and K
is larger in the former than in the latter. N is found to have an abnormally high value of
about 5, in contrast to the ordinary value of 2, K a, minimum value at medium temperatures,
and the activation energy a value as high as 200 kcal/mole. It may be speculated that these
apparent abnormalities result from the too formal treatment disregarding two successive
reactions leading to C2S below and C3S above about 1,250 °C.

(3) It is found that the amount of free lime remaining in the raw mixture sometimes
passes through a minimum value during the burning at about 1,100 to 1,200 °C. This result

is thought to be caused by the change of solubility of free lime in glycerin accompanying a
change of state of the lime in burning at about 1,200 °C. The use of tribromophenol as a
powerful solvent instead of glycerin resulted in the absence of a minimum.

Resume

Apr^s revaluation de 13 facteurs, au moyen d'expdriences en ordre orthogonal combin^es
au hasard, des etudes d^taiU^es concernant I'aptitude k la cuisson du ciment Portland ont
6t6 faites sur la reaction de la cUnk^risation. Elles ont pour but d'abord de mettre en lumiere
la difference que produit dans le m^canisme de reaction le choix d'argiles ou le choix de
laitiers de haut-fourneau granules en tant que sources de silice et d'alumine, et ensuite
d'etablir une m^thode de mesure de la r6activit6. Les r^sultats sont les suivants:

(1) La reaction entre la chaux et les argiles contenant du quartz pour former C2S est

sensible au-dessus de 1,100 °C. Avec les produits de reaction h cet ordre de temperature,
malgre le traitement de refroidissement rapide, on rencontre reduction en poussiere et une
expansion l^g^res. La reactivity d'une argile h forte teneur en silice est superieure k celle

d'une argile k faible teneur en silice combinee k un sable siliceux. Le laitier se cristallise en
melilite et absorbe ensuite la chaux pour former C2S. A ce moment, une expansion consi-

derable se produit mais on n'observe pas de reduction en poussiere. La reactivite des
melanges bruts contenant du laitier, outre du sable siliceux, est excellente, specialement au
stade de la formation de C2S, jusqu'^ une temperature de 1,250 °C. La difference de reac-
tivite due au type de materiaux bruts diminue au-dessus de 1,250 °C environ pour former C3S.

(2) La Vitesse de reaction dans la cuisson est exprimee par la formule, {^—^/l—x)'^= Kt.
A temperature constante, il semble que la reaction de contact et les procedes de diffusion
sont predominants respectivement aux stades initial et successif, parce que pour celui-1^ N
est plus petit et K est plus gtand que pour celui-ci. N montre une valeur anormalement
eievee d'environ 5, contrastant avec sa valeur ordinaire de 2, K montre une valeur minimum
k temperatures moyennes, et I'energie d'activation montre une valeur aussi eievee que 200
kcal/mole. On pent se demander si ces anormalites ne proviennent pas du traitement trop
conventionnel qui ne tient pas compte de deux reactions successives arrivant chacune k C2S
et C3S, au-dessous et au-dessus de 1,250 °C environ.

(3) On observe que la quantite de chaux libre dans le melange brut passe parfois par -

une valeur minimum durant la cuisson k environ 1,100-1,200 °C. On pense que ce resultat
est cause par le changement de solubilite de la chaux Hbre dans la glycerine accompagnant
le changement d'etat de la chaux k la cuisson k environ 1,200 °C. Par consequent on
recommande comme dissolvant puissant le tribromophenol au lieu de la glycerine, ce qui
evite la presence d'un minimum.

'Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from the Tokyo Institute of Technology, Japan.
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Zusammenfassung

Das Brennen des Portlandzements hangt von 13 Faktoren, die durch Experimente mit
Zufallskombinationen durch orthogonale Anordnung ausgewertet werden, ab. Untersuchun-
gen iiber die Reaktion der Klinkerbildung wurden angestellt, die dem Zwecke dienten, die
Unterschiede im Reaktionsmechanismus ausfindig zu machen, wenn Ton oder granulierte
Hochofenschlacke das Rohmaterial fUr Kieselsaure oder Tonerde ist, und die auch dazu
dienen sollten, eine Methode der Reaktionsgeschwindigkeitsmessung ausfindig zu machen.
Die folgenden Ergebnisse werden erzielt:

(1) Die Reaktion zwischen Kalk und quarzhaltigen Tonen, die zur Bildung des C2S
fiihrt, macht sich oberhalb 1,100 °C bemerkbar. Die Reaktionsprodukte, die bei einer
solchen Temperatur erhalten werden, bringen eine leichte Ausdehnung und ein Zerrieseln

hervor, die nicht durch ein schnelles Abkiihlen tiberkommen werden konnen. Die Reaktions-
fahigkeit eines Tones, der viel Kieselsaure enthalt, ist groBer als die eines Tones, der wenig
Kieselsaure enthalt, und den man mit Quarzsand gemischt hat. Die Schlacke kristallisiert

zuerst als Melilit, und bindet dann Kalk unter C2S-Bildung. Wenn sich das ereignet,

nimmt eine betrachtliche Ausdehnung statt, aber ein Zerrieseln kann nicht beobachtet
werden. Die Reaktionsfahigkeit der rohen Mischungen, die Schlacke mit Quarzsand
zusammen enthalten, ist vorziiglich, besonders auf der Stufe der CaS-Bildung, bis zu 1,250
°C. Die Differenzen, die man auf Grund der verschiedenen Rohstoffe beobachtet, verschwin-
den, wenn die Temperatur auf mehr als 1,250 °C erhoht wird, sodaB sich C3S bilden kann.

(2) Die Reaktionsgeschwindigkeit beim Brennen wird durch die Formel (1 —V 1 —x)^= Kt
ausgedriickt. Bei konstanter Temperatur hat man den Eindruck, daC die Kontakt-
reaktion in der Anfangsstufe iiberwiegt, und daB die Diflusionsprozesse in den spateren
Stufen die Oberhand gewinnen, weil namlich N am Anfang klein ist, und weil K dann groB
ist, in den spateren Stufen wachst N, wahrend K kleiner wird. Bei nicht zu hohen Tem-
peraturen wurde fiir der ungewohnHch hohe Wert 5 gefunden, der viel hoher als der
normale Wert 2 ist, wahrend K durch ein Minimum geht, und die Aktivierungsenergie
einen hohen Wert annimmt, bis zu 200 kcal/mole. Man kann annehmen, daC diese
Ausnahmen in Wirklichkeit keine Ausnahmen sind, daB sie bemerkbar werden, weil man
die Prozesse nur rein formell behandelt and zwei gekoppelte Reaktionen, die unterhalb und
iiberhalb 1,250 °C stattfinden und in denen C2S und C3S entsteht, vernachlassigt hat.

(3) Es wurde gefunden, daB der Betrag des freien Kalks in der ungebrannten Mischung
manchmal durch ein Minimum beim Brennen bei 1,110-1,200 °C geht. Es wird
angenommen, daB dieser Effekt hervorgebracht wird durch eine Veranderung der Loslichkeit
des freien Kalkes in Glyzerin, da er namlich beim Brennen bei 1,200 °C seinen Zustand
andert. Es wird daher Tribromphenol als Losungsmittel vorgeschlagen; es lost den Kalk
genau so gut wie Glyzerin, und vielleicht sogar noch besser, und bringt dieses Minimum
nicht hervor.

Introduction

In spite of abundant papers on the burning of

Portland cement clinker [1, 2]/ there are rather
few studies dealing mainly with the reaction

velocity, a knowledge of which is believed to be
most important for the improvement, and for the
development of an entirely new design of the fur-

nace. For instance, there is a future possibility

of using the highly efficient suspension type or
cyclone furnace heated with fuels or atomic energy.
The reaction velocity in the solid state has been

investigated only for the simple systems [3], and
similar studies have not yet been successfully
applied to the formation of clinker.

Moreover, an abnormal fact has been reported

[4] that the content of free lime takes a minimum
value at a certain period during heating of the

raw mixture at about 1,200 °C, but the causes

could not be explained.

It has also been reported that a partial substitu -

tion of limestone and clay by blastfurnace slag can

reduce the fuel consumption [5, 6], but the reac-

tion process has not yet been demonstrated. This

study was performed with the purpose of solving

the problems mentioned above.

Burning of tlie Raw Mixtures

Table 1. Chemical compositions and fineness of raw materials, percent

CaO AI2O3 TiOa
AI2O3
+ MnzOs

Fe203
+

Mn203
Si02 MgO S Loss others

Fine-
ness
Blaine

Coarser
than
88 >i

%
0.64 0. 74 0. 65 0.02 42. 10 P2O6 0.07 3680 2.0

4.78 65. 96 1.74 .59 5. 66 8190 0.1

9.88 48.20 0.62 tr. 12. 36 20000 8.9
1.92 32. 33 6. 16 1.11 tr. 2950 tr.

1. 92 32. 33 6. 16 1. 11 tr. 4940 tr.

0.86 94.88 0.40 tr. 0. 65 C 4.18 5620 1.

1

ZnO 0.84

75.56 10. 10 .82 0.21 2.83 P2OS 0. 10 4360 1.0

Limestone (L)
Siliceous clay {S)_
High-aluminous clay (A)_.
Granulated slag, coarse (C)
Granulated slag, fine (F)...
Silica sand (Q)

Blast-furnace dust (I)

M.88
3. 35

tr.

39. 90
39. 90

tr.

1.40

0.22
13. 86
29.50
14.72
14.72
2.24

3. 57

1.62
1.62

0.22
13. 86
29.50
16. 18

16. 18
2.24

3.57

0.64
4.78

0. 91
.91

75. 05

1. 01

1.01

0. 51

Figures in brackets indicate the literature references at the end of this paper.
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Comparative burning studies were made using

clays and granulated blastfurnace slag as raw
materials for the sources of silica and alumina.

The chemical compositions and finenesses of the

raw materials used in this experiment are shown in

table 1.

The compositions of raw mixtures to be burned
were H.M. 2.10, S.M. 2.42, and I.M. 1.90, i.e.,

C3S 53-55, C2S 23-24, C3A 10-11, and C4AF 9-10

percent, as illustrated in table 2.

The raw mixtures were pressed at 500 kg/cm^

to form tablets with an area of 1 cm^, height of

5.5 mm, and weight of 1 g. The burning conditions

were in the range of 1,100 to 1,450 °C with 7 levels

at 50 °C intervals, and in the range of 10 to 60 min.

with 6 levels at 10 min. intervals. The burning
was done in a carborundum electric furnace with
an automatic temperature controller.

Shrinkage During Burning
The shrinkage during burning is illustrated in

figure 1. There is a tendency for the shrinkage to

increase with rising temperature and with pro-

longed time, but expansion or dusting takes place

also after burning at 1,100 to 1,350 °C. Dusting

Table 2. Combinations of raw materials

Sili- High- Gran- Gran- Blast-
Lime- ceous alumi- ulated ulated Silica fur-

Main raw material stone clay nous slag, slag, sand nace
as the source of clay coarse fine dast

silica and alumina

L S A C F Q I

% % % % % % %
Siliceous clay (S) 77. 37 18.62 3.64 0. 37
High aluminous clay
VAy 78. 92 12. 12 8. 56 . 40

Granulated slag

coarse (C) 66. 96 23.74 7. 63 1. 68
Granulated slag fine

(F) 66.95 23. 74 7.63 1.68

(H.M. 2.10, S.M.
9-10)

2.42, I.M. 1.90, O3S 53-55, C28 23-24, C3A 10-11, C<AF

could not be found in the specimens containing
slag. In connection with this fact, C2S crystals

formed from the quartz particles were generally

large, while C2S crystals from melihte as the de-
vitrifled product of slag were finely divided.

Figure 1. Burning shrinkage.

Qranulateilslai coaise(c)

Sranulateislaj-tineCF)

Siliceous clay(s)

GO 0 10

Burning time, Tjiin.

Changes of the Mineral Composition
The mineral composition of the raw materials

and the changes of the mixtures in the burning
process were determined by means of the reflecting

and polarizing microscopes and also by the X-ray
diffractometer. The principal results obtained
were as follows:

Clay S contained quartz as a main constituent,

together with feldspar, pyroxene, and a clayey

mineral containing iron, and the maximum grain

size before grinding was about lOO/x- Clay A was
composed chiefly of allophane containing iron,

with a small amount of quartz, etc. Blastfurnace
slag was almost entirely in the glassy state.

During the burning of the mixtures under about
1,000 °C, the component materials changed inde-
pendently the reactions CaCOs^CaO and slag^
melilite taking place. In the mixtures containing
clay S or clay A, the reaction 2CaO+ quartz-^C2S
takes place at 1,100 to 1,200 °C, and then the
reaction CaO+CsS^CjS above 1.300 °C. The
resulting crystals were very fine at 1,350 °C but
grew larger at 1,450 °C. In the mixtures con-
taining Slag C or Slag F, the reaction CaO+
melilite^C2S occurred a little after the reaction

2CaO+ quartz—>C2S took place above about 1,100

°C, and all of the melilite disappeared with the
reaction CaO+CzS^CsS at 1,300 °C.
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Content of Uncombined Lime
The free lime content in samples was generally

reduced with increased temperature and time of

burning. An abnormal minimum value, however,
sometimes appeared for samples burned at 1,100

to 1,200 °C. Figure 2 illustrates the results

obtained.
The existence of a minimum value was repro-

ducibly confirmed and this result was supposed
to be based on experimental error in the determi-

nation of free lime. The degree of dispersion of

G-raniilated slag, -fine (F)

0 10 20 30 40 SO 60

Burning time , mln.

lime tends to change in the range of 1,100 to 1,200
°C, consequently the solubility of lime in a solvent
such as glycerin is expected to be different. By
using tribromophenol as a somewhat more power-
ful solvent, it could be confirmed that this ab-
normal phenomenon is eliminated.

1450- C

0 10 20 30 40 50 60

Burning time, min.

FiGTTRE 2. Content of uncombined lime.

The Reaction Velocity

The reaction ratios are shown in table 3, cal-

culated from the results illustrated in figure 2.

Figure 3 shows the relationship between

1—VI— S as the ratio of the depth of reaction

to the mean radius of the particles, and t as the
burning time, with temperature T as the param-
eter.

The equation {\—\ll— xY=Kt can be applied

to the reaction velocity, if Jander's theory [3]

holds. The lines are not parallel, however, and
have a sharp bend, and the slope becomes gentle

at high temperature where alite forms. It is

therefore necessary to select the more general

experimental formula {\—y\— x)^=Kt. If the

angle between the straight line and the ordinate

is put as d, then A^=tan 0. The logarithm of the

velocity constant K, i.e., log K, can be obtained
by the length of the section between the original

point 1,1 and the intersection of the abscissa with
the straight line. The calculated values are shown
in table 4.

The values of N and log K varied widely with
the raw materials and the temperature and time
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Table 3. Reaction ratio x

Temp Time
Main raw material

s A c F

°o min
1,100-- 10 0. 05 0. 08 0. 10 0. 10

20 . 16 . 18 . 27 . 25

30 .20 . 22 . 30 . 29

40 .21 . 22 . 32 . 38

60 . 19 . 23 . 19 . 25

60 .25 .25 .26 .32

1,160 10 . 26 . 16 . 14 . 20

20 . 26 . 20 . 29 . 30

30 . 31 . 27 . 32 . 36

40 . 33 . 34 . 49 . 47

50 .34 . 37 . 36 . 37

60 .42 .37 .43 .43

1,200 10 . 38 . 25 . 43 . 40

20 .43 . 48 . 50

30 . 44 . 32 . 55 . 62

40 . 52 . 36 . 61 . 69

50 . 57 . 37 . 50. . 61

60 .65 .41 .57 .68

1,350- 10 . 62 . 38 . 64 . 69

20 . 71 . 42 . 68 . 73

30 . 71 . 45 . 74 . 75

40 . 73 . 47 . 80 . 80
60 . 75 .49 .75 . 76

60 .72 .50 .77 .73

1,300 10 . 81 . 53 . 80 . 80

20 . 85 . 71 . 86 . 84

30 . 86 . 75 . 84 . 88

40 . 93 . 77 . 88 . 93

50 . 91 . 79 . 90 . 88

60 .93 .80 .90 .91

1,350-- 10 . 92 . 93 . 93 . 98

20 . 97 . 97 . 96 1. 00

30 . 98 . 98 . 98 0. 99

40 1. 00 1. 00 . 99 1. 00
50 1. 00 1. 00 1. 00 1. 00
60 1.00 1.00 1.00 1.00

1,450 10 1.00 0. 99 1.00 1.00

20 1.00 1.00 1.00 1.00
30 1.00 1.00 1.00 1.00
40 1.00 1.00 1.00 1.00
50 1.00 1.00 1.00 1.00
60 1.00 1.00 1.00 1.00

of burning, especially at lower temperatures. At
constant temperature, it seems that the contact
reaction and the diffusion process are predominant
in the initial and the successive stages, respec-
tively, because N is smaller and K is larger in the
former than in the latter.

The relation between the velocity constant and
the temperature is shown in figure 4.
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Figure 4. Log K vs 1/t.

It was found that the value of log K does not
always increase with temperature, but passes
through a minimmn at about 1,100 to 1,250 °C.
The activation energy of the diffusion is cal-

culated from the Arrhenius equation, log K=log
A—£'/4.574 T. If in this figure, the angle be-
tween the line and abscissa is put as d, then tan
5=£'/4.574 T. The activation energy was cal-

2« X VI soeo 2« 30 40 H W 10 20 30 40 SO SO

BuTniuj tme, mitv. ( loj scale

)

20 30 40 50 CO

Figure 3. Log (1 —V 1 —x) vs log t.
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Table 4. Reaction order and velocity constant

Temp 1

^^X10< stage

Main raw material

S A C F

" C
1, 100

1,150
1,200

1,250

1,300

1,350
1,450

7. 29

7. 03
6. 80

6. 56

6. 35

6. 16

5.80

Initial

Later

N
0. 6
2.2

3.8
4.9
1. 5

3.0
11.7

4.4

lug

2.00
5.89

5.11
6.80
5. 50

3. 08
7.40

5. 42

N
0.8
3.5

1.6
2.8

logiT
3. 84
5.26

1.87
5.86

N
0.9

lug J\

3. 80
N
0.9

log il

3. 68

Initial

Later

.09
4.2

S.87
S. 70

1.4
11.9

3.34
3. 34

Initial

Later
4.9 6. 76 5.5 3. 15 6.8 5.40

Initial

Later ...^
1.5
5.3

5.0
2.7

5.00
3. 46

2. 00
5.80

5.7 1.69 6.5 3. 45

Initial

3.7 5. 11 4.8 3. 90 9.4 3.70

Gog <=Ar(l-Vl—2)—log K)

Table 5. Activation energy

Raw material: S A C F

E kcal/mole.- 180 380 210 240

culated in the range of alite formation at 1,250 to

1,350 °C, as shown in table 5.

The fact that the value of N was established at

nearly 5, at higher temperature, apparently
shows that the reaction mechanism is similar

regardless of the difference of raw materials. The
activation energy to form chiefly alite reaches 200
kcal/mole, which is considerably higher than the
expected value. A much higher value was
obtained with the composition A, which may be
explained by the fact that the formation of C2S
is not sufficiently completed under 1,250 °C
because of the inferior reactivity of the raw
material.

Thus, the Jander formula cannot be applied
to the burning of portland cement clinker, as K
takes a minimum value at medium temperatures,
and the values of A'' and activation energy reach
very high values at higher temperatures. Such
an abnormal result, however, is believed to be
occasioned by the treatment, as there exists one
sort of reaction, disregarding the reactions of the
formation of C2S and C3S, taking place in 2 steps

separately below and above about 1,250 °C.
Reasonable results would be obtained, if we could
distinguish the reactions 2CaO+Si02-^C2S and
CaO+C2S->C3S and estimate the reaction ratios

separately.

The author expresses his gratitude to President
Toshiyoshi Yamauchi of Tokyo Institute of

Technology for his invaluable advice and en-

couragement. He is also indebted to Mr. Toshio
Tsuji for his assistance in carrying out the
experiments.
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Paper II-S7. Solid Solutions of the Minerals of Portland Cement
Clinkers*

N. A. Toropov

Synopsis

This account contains the results of experimental work by the author and his col-

laborators, establishing numerous cases of formation of solid solution between different

constituents of portland cement clinker. The authors have established the dissolution of

chromium in alite and belite, and of orthosilicates of barium and strontium and of calcium
orthophosphate in belite, have determined the concentration limit of solutions of calcium
aluminate in dicalcium ferrite, etc. These studies were accomplished with the aid of the
polarizing microscope, X-rays, and thermal analysis.

Resume

Get expos6 contient les r^sultats des travaux exp6rimentaux de I'auteur et de ses

coUaborateurs, ^tablissant de nombreux cas de formation de solutions solides entre dif-

f^rents constituants du clinker de ciment portland. Les auteurs ont notamment constats
la dissolution d'oxydes de chrome dans I'aUte et la b4hte, d'orthosilicates de baryum, de
strontium et d'orthophosphate de calcium dans la belite, d6termin6 la concentration Umite
des solutions d 'aluminate de calcium dans le ferrite bicalcique etc. Ces etudes ont 6t6

effectu6es k I'aide du microscope polarisant des rayons X et de I'analyse thermique.

Zusammenfassung

In der Arbeit wird das Versuchsmaterial, • das vom Verfasser und seinen Mitarbeitern
zusammengetragen worden ist, beschrieben; sehr viele Beispiele von festen Losungen der
verschiedenen PortlandzementkUnkerbestandteile in einander sind aufgefunden worden.
Ganz besonders mufi hervorgehoben werden, daB das Auflosen von Chromoxyden in Alit

und Belit, und auch die Losungsbildung des Bariumorthosilikats, des Strontiumorthosilikats
und des Kalziumorthophosphats im Belit entdeckt worden sind; auch wurde die Maximum-
konzentration des Kalziumaluminats im Dikalziumferrit bestimmt, und andere ahnliche
Messungen wurden vorgenommen. Man hat in diesen Untersuchungen Rontgendiagramme
und Thermoanalyse benutzt.

Results of some experimental work of the author
and his collaborators are given in this report, from
which it is seen that formation of solid solutions
between different components of the portland ce-

ment clinker have been shown in numerous cases.

In particular, the authors demonstrate the solu-

tion of chromic oxide in alite and belite, and of

barium and strontium orthosilicates and calcium
orthophosphate in belite; and the hmited concen-
tration of calcium aluminate solution in dicalcium
ferrite was determined. These studies were made
by the use of the polarizing microscope and by-

X-ray and thermal analyses. The varieties of

cement clinker minerals obtained can be named:
chromalite, chrombelite, barium belite, phosphate
belite, and strontium belite. The results of these
studies considerably reinforce the conception of

minerals of portland cement clinker as solid solu-
tions, not as definite compounds of simple chemical
composition. The modern development of micro-
scopical. X-ray, and thermal methods of examina-
tion of the polycomponent mineral systems, as
well as of crystalline and amorphous phases formed
in them, has made it possible to attain consider-
able progress in determining the mineralogical
composition of portland cement clinker. The
initial conceptions of this problem that have domi-

•Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the Institute of Silicate Chemistry,
IJ.S.S.R. Academy of Sciences, Leningrad, U.S.S.R.

nated for some decades (1915-1945), were prin-

cipally based on the data obtained by the study of

simple physicochemical systems formed by oxides

of Portland cement clinker. These conceptions

favor the propagation of the theory that different

clinker minerals are identified with simple silicates,

aluminates, and calcium aluminoferrites formed
in the respective physicochemical systems. In
particular, this theory is assumed as a principle of

the method for calculating the mineralogical com-
position of the clinker according to its gross chemi-
cal composition.
However, numerous experimental works in re-

cent years show that this theory is only a first

approximation to the solution of this problem.
In reality, the chemical composition of the clinker

minerals is more complicated. Mostly, they rep-

resent no simple chemical compounds but solid

solutions formed between different compounds
and oxides. As is known, the solution of alumi-
num oxide or calcium aluminates in alite and belite

is a problem of great importance. Many investi-

gators have dealt with this problem, including

Jeffery [1] ^ who studied the crystalline structure

of alite and tricalcium silicate. However, the

close proximity of the optical properties of tri-

calcium silicate to those of tricalciuin aluminate,

as well as the absence of coloration, makes it diflB,-

' Figures in brackets indicate the literature references at the end of this

paper.
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cult to study their mutual solubility in solid solu-

tion. The thermal investigation of the phase
diagram of the system 3CaO-Si02-3CaO-Al203 is

also difficult because of its pseudobinary character
and the instability of these chemical compounds
on heating to the melting point.

According to our opinion the possibility of par-
tial dissolving of the aluminujn oxide or a replace-

ment of silicon atoms by aluminum atoms, with
t^he supplementary introduction of magnesium
atoms in the crystalline lattice of tricalcium sili -

cate, finds its confirmation in the replacement of

sUicon by chromium in the structure of alite with
the formation of chromalite, as we call it.

This replacement is a result of the interaction of

the chromium oxide with basic silicates of calcium.
Also, for example, during the study of samples of

Portland cement clinker with additions of chromite
in small quantities (in the order of 3 to 5 percent
of chromium oxide) obtained by S. S. Tcherepovski
[2], we found already in 1933 that alite and belite

crystals took on an intense bright-green emerald
coloration. There was also observed a consider-
able augmentation of the index of refraction of the
alite crystals from n^= 1.720±0.003 to nr„= 1.7S5
±0.005 and of belite from 1.725 to 1.750

±0.005.
Later analogous observations were made by

D. S. Belyankin and B. V. Ivanov [3] who had
been studying structures of chromodolomitic
refractories, produced by P. P. Budnikov. These
refractories were obtained by firing of bricks
prepared of mixtures of dolomite, chromite, and
quartzite. In the chromalite crystals formed in

this refractory, it was also possible to observe
sometimes the formation of zonal structures with
the internal substance consisting of discolored
mineral of the belite type. The index of refraction

of the chromalite varied within the limits

71^=1.745 to 71^=1.760-1.770. Chemical anal-
yses of the refractory made by V. A. Moleva
showed the presence of two chromium oxides:

Cr203=2.47 percent and Cr03=5.79 percent.

The formation of chromalite is of great interest

in the study of the structure of chromite refrac-

tories, as well as for the knowledge of the service
conditions of these refractories in furnaces for

burning cement. According to Bunting [4] the
ionic radii of trivalent aluminum (0.57A) and
trivalent chromium (0.65A) are close together, and
as a result there can be isomorphous, reciprocal,

and complete miscibility of chromium oxide and
aluminum oxide. This fact, according to our
observations, appears to be an indirect indication
of the possibility of solution of alumina (aluminum
atoms) in the calcium sUicates. It is also neces-
sary to take into account the observations of V. V.
Lapin [5], who showed the presence of feeble
coloration of the alite crystals in clinkers; at the
time of their burning there were introduced small
additions of cobalt and nickel oxides. As is

known, the solid solutions formed by dicalcium
silicate have been the object of numerous and

detailed observations. As a result, different
authors obtained many varieties, a' and jS, of the
dicalcium silicate modifications, which represent
themselves as various forms of the chnker mineral,
belite.

In many works dedicated to the study of the
solid solutions of dicalcium silicate, the solubility

of the isolated oxides in the crystalline lattice of
this compound has been investigated. However,
the solubility of different oxides in a given case
does not correspond at all with that of the
orthosilicates of the same oxides in 2CaO-Si02.
This is explained by the broad development of
isomorphous interrelations between orthosilicates

of the different elements, while the oxides of the
same elements have a highly symmetrical
structure. Therefore, in our work on solid

solutions of dicalcium silicate, we considered it

more expedient to study binary systems formed by
this silicate with other orthosilicates rather than
with different oxides. This procedure permitted
us to establish the limited concentrations of solid

solutions formed between orthosilicates under
conditions of isomorphism. The study of solid

solutions of dicalcium sUicate with barium and
strontium orthosilicates had been realized earlier

in our laboratory. Toropov and Konovalov [6],

with the help of a polarizing microscope, found
evidence of the formation of a continuous series of

solid solutions in the system dicalcium silicate-

barium orthosilicate, and these authors also

described the optical properties of these crystals

(fig. 1). Later, we found similar crystals, which

0 20 <fO 60 ei7 fOt

2BaOSiOi Mole Percent ZCOOSiOt

Figure 1. Index of refraction as a function of composition
in 2CaO-Si02-2BaO'Si02 solid solutions.

we named barium belites, in cements prepared
with the addition of barium oxide.

In 1953, Toropov and Borisenko [7] studied this

series of solid solutions, called by us barium belites,

in a more detailed way with the use of thermo-
graphic and X-ray analyses. Two series of

samples were made for this purpose, namely:
(a) by quenching from 1,450 °C, and (b) by anneal-

ing with slow cooling (1.5° per min, beginning
from 1,450 °C) of the same samples in the platinum
resistance furnace.

Data of thermographic investigations of the

tempered samples are given in table 1.
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Table 1. Polymorphous transformations of dicalcium sili-

cate, found by the method of thermal analysis

No.

Composition Temperatures of the poly-
morphous transformations

2CaOSi02 2BaOSi02 y-a' ot'-ot

1 2 3 4 5

Mole % Mole % "C "C
1 - 100 0 810 1,440

2 90 10 absent 1,340

3 80 20 absent 1,230

4 70 30 absent 1,130

5 60 40 absent 1,040

g 50 50 absent 960
7 40 60 absent 900
8 30 70 absent
9.... 20 80 absent [Thermal effects

10 10 90 absent
j

not observed.
11 0 100 absent

Transformations at 810 and 1,440 °C corre-

sponding to the transformations y—^a' and a'-^a-
2CaO-Si02 were found in the first sample. By
addition of barium orthosiUcate into the composi-
tion of the experimental solid solutions a stabiliza-

tion down to low temperatures was observed on
annealing the a' modification of 2CaO-Si02. The
evidence of this stabilization is shown by: (1) The
absence of disintegration of the sample on cooling,

(2) the disappearance of the thermal effect

corresponding to the transformation 7—>a'-2CaO-
Si02, (3) the conservation (up to the concentration
of 70 mole percent 2BaO Si02) of the thermal
effect corresponding to the transformation
a'-^Q:-2CaO-Si02. A lowering of the temperature
of this effect, proportional to the increased addition

of 2BaO-Si02, is characteristic of the formation of

solid solutions.

The absence of the thermal effect for the samples
containing more than 70 mole percent of 2BaO-
Si02 shows that at this concentration the solid

solutions of the type a'-2CaO-Si02-2BaO-Si02
become unstable even at high temperatures, but
solid solutions of the type a-2CaO-Si02-2BaO-Si02
only are preserved at elevated temperatures.
Toropov and Konovalov [8] made an additional

investigation of the system: dicalcium sUicate-
strontium orthosUicate where they also observed
the formation of continuous solid solution. The
same authors studied the optical properties of the
crystals obtained (fig. 2). Later Toropov,
Galakhov, and Bondar [9] studied the ternary
system: calcium oxide-barium oxide-sUica, in

which they determined particularly the crystal-

lization region of the barium belites, that is, the
solid solutions of barium orthosUicate in dicalcium
silicate. The development of production of port-
land cement containing bariimi and strontium
oxides ("Edelzemente") permits the use of our
physicochemical data for the determination of the
mineralogical composition of the cements.

Solid solutions of calcium aluminoferrites are
formed in the ternary system: calcium oxide-
aluminum oxide-ferric oxide by the mutual dis-

solution of dicalcium ferrite, 2CaO-Fe203, and
pentacalcium trialuminate in the solid phase, and

probably of a small quantity of surplus calcium
oxide in the crystal lattice of these solid solutions.

The first investigators of the system: calcium
oxide-alumina-ferric oxide, Hansen, Brownmiller,
and Bogue [10] found evidence of the formation
of only a single ternary compound, tetracalcium
aluminoferrite, 4CaOAl203-Fe203, afterwards
called brownmUlerite. It forms a continuous
series of solid solutions with dicalciimi ferrite.

In subsequent studies. Lea and Parker [11] and
Guttmann and Gille [12], investigating synthetic
and clinker aluminoferrites, managed to obtain
crystals with indices of refraction considerably
lower than those of 4CaO Al203-Fe203. There-
fore, in 1937 we undertook, together with Shish-

akov and Merkov [13], a special investigation of

the pseudobinary system: brownmillerite-penta-
calcium trialuminate, and ascertained a partial

dissolution in brownmiUerite of components with
lower indices of refraction, namely, calciimi

aluminates.

A study of the system brownmillerite-pentacal-

cium trialuminate by microscope and X-ray
methods permitted us to establish that the maxi-
mum quantity of pentacalcium trialuminate that

can be dissolved in brownmiUerite is 35 weight
percent. The formula of the limited solid solu-

tion, consisting of 35 weight percent of C5A3 and
65 weight percent of C4AF is 43CaO-16Al203-
7Fe203. If the percentage of ferric oxide in

brownmiUerite is 32.8 weight percent, then the
content of ferric oxide in this aluminoferrite is

21.7 percent. Aluminoferrite of this composition
has the following indices of refraction: rig=1.93
and np=1.87. The existence of these solid solu-

tions was confirmed by the authors with the aid

of X-ray analysis.

Almost simultaneously with our work,
McMurdie [14] also demonstrated the existence of

solid solutions between brownmiUerite and penta-
calcium trialuminate. But the limits of solubility

found by him were considerably less. According
to data of Yamauchi [15], who published his work
at the same time, the existence of the solid solution

of the composition 6.2CaO-2.2Al203-Fe203 (21.8

weight percent of ferric oxide) would be possible.

t.760

* 1730

nq

hi

ZCaO-SiO^ Mole Percent 2Sr0-SI0i

Figure 2. Index of refraction as a function of composition
in 2CaO-Si02-2SrO-Si02 solid solutions.
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The results of the study completed by Toropov,
Shishakov, and Merkov [13] had been repeatedly
criticized until 1946, when Swayze [16] confirmed
our results as well as those of Yamauchi. Accord-
ing to Swayze, a continuous series of solid solutions

extends from 2CaO-Fe203 to the composition
6Ca0-2Al2O3-Fe203 (22.8 weight percent of ferric

oxide) or 42CaO-14Al203-7Fe203. If this formula
is compared with the formula 43CaO-16Al203-
7Fe203 proposed by us in 1937, no great difference

between them will be observed.
Furthermore, the last formula is considerably

nearer to the aluminoferrite composition with
maximum content of aluminate in solid solution

(called limiting solid solution) . Actually, accord-
ing to Swayze the limiting solid solution should
contain 22.8 weight percent of Fe203 but according
to Toropov, Shishakov, and Merkov it contains
21.7 percent by weight. Thus, the composition
proposed by Swayze as a final term of the series of

solid solutions is only a first approximation to the
limiting composition of the solid solutions. This
fact becomes more evident if one examines the
works of Italian investigators. Thus, Malquori
[171, CirUli and Burdese [18], studying by X-rays
solid solutions of aluminoferrites, drew the conclu-
sion that it is possible to obtain a homogeneous
solid solution with a content of 20-21 percent of

Fe203. Malquori [17a] proposed the following
formula for aluminoferrite with the maximum
content of aluminate: 6CaO-2.lAl2O3-0.9Fe2O3
(Fe2O3=20.7 percent).

The next work on this problem was done by
Toropov and Boikova [19] in the Institute of Sili-

cate Chemistry of the Academy of Sciences,

USSR. The investigation of aluminoferrite solid

solutions was performed mainly by the use of the

polarizing microscope, this being the most precise

method. The sensitivity of the roentgenographic

Figure 3. Relation between indices of refraction of alumi-
noferrites and quantity of C^Az incorporated in the
solid solution containing C4AF.

- - A curve obtained on the supposition that the rhombic modification
of C5A3 is incorporated into the solid solution.— A curve obtained on the supposition that the cubic modification of
CiM is incorporated into the solid solution.

° Experimental points.

method for the quantity determination of alumin-
ates and aluminoferrites is not great and is limited

to contents not lower than the following percent-

ages in the mixture: C4AF-I5 percent, C5A3 and
C3A-6 percent [20]. Malquori, Cirilli, and Burdese
disregarded the possibilities of the roentgeno-
graphic method for the quantity determination of

aluminates and ferrites. It is also important to

provide for sufficiently slow rate of cooling. The
cooling velocity in our experiments was 1.5°

per min
At first we carried out experiments to establish

which of the modifications a-C5A3 or a'-C5A3 was
a part of the solid solution of aluminoferrites

(together with an insignificant quantity of lime).

It was natural to suppose that solid solutions of

aluminoferrites are formed with the rhombic
modification of pentacalcium trialuminate, which
has a structure closer to that of 2CaO-Fe203.
To verify this hypothesis we have calculated a

theoretical curve cf index of refrcxtion, drawing a

chart of curves of variations of these indices as

functions of the concentration of C5A3, for the

a' form and for the a form (fig. 3).

This calculation is based on additivity, that is,

on the existence of a linear relation between the
composition of the solid solutions and their indices

of refraction. As is known, such a relation is very
clearly expressed for a whole series of systems with
solid solutions. The experimental verification

showed that it is necessary to consider a'-C5A3 as

the aluminate component of the solid solution of

aluminoferrites.

To answer a principal question, what is the

maximum content of C5A3 in the solid solution,

and also what are the limits of the reduction of the

quantity of the ferric oxide in the limiting com-
position of the aluminoferrite, we have synthesized

and studied samples containing 42, 32, 24, 20, 16,

14 and 12 weight percent of Fe203. In table 2 are

given compositions of the mixtures.

Table 2

CaO AI2O3 Fe203 AI2O3

Sample No.
FesOa

Weight percent

12 — 60.0 38.0 12.0 3. 17

14 49.73 36. 27 14.0 2. 59

16 49.4 34.6 16.0 2. 162

20.— - —

-

48.6 31.4 20.0 1.57

24 - - 47.8 28.2 24.0 1.175

32 46. 32 21.68 32.0 0.68

42 44. 43 13. 57 42.0 0. 32

Each sample was subjected to four annealings

with intermediate fine grinding. The samples

were observed by the microscope in immersion and
by reflected fight, in polished sections. The study
showed that the samples containing more than
20 percent of Fe203 consisted of homogeneous
phases: solid solutions of the aluminoferrites.



Samples with 16, 14, and 12 weight percent of

Fe203 contained, together with aluminoferrite, also

the aluminates CbA., and C3A which were well

identified in reflected light (when the section was
etched with a solution of oxalic acid in alcohol).

The indices of refraction of the aluminoferrites

determined by immersion in liquids with a high
index of refraction, continuously increased in the
samples containing 14 and more percent of Fe203.

Only samples with 14 and 12 percent of Fe203
attained a constant (minimum) value of indices of

refraction. This permitted us to establish that
the compositions of the aluminoferrites in these

samples were the same. Therefore, we concluded
we had attained the limiting composition of solid

solution (with maximum content of aluminate).

The maximum reduction of the indices of refrac-

tion of aluminoferrites is from 7ig=2.08 and
np=1.98 for 4CaO-Al203-Fe203 to ng= 1.914 and
np= 1.854 for the limiting solid solution.

The calculation based on the linear relation

between the indices of refraction and the concen-
tration of the solid solution gave a chemical
composition of the limiting solution as follows:

7.8CaO-3.24Al203-Fe203. Approximately, it can
be represented by the following formula: SCaO-
3Al203-Fe203 (ferric oxide, 17.5 weight percent).

A special roentgenographic study of this limiting

concentration accomplished by Boikova and
Porai-Koshits [21] confirmed the results of the
microscopical study. In figure 4 is shown the
relative position of the characteristic peaks of the
X-ray diagram obtained by the diffractometer.

These curves are taken from samples of alumino-
ferrites with different contents of ferric oxide.

(The number of the sample corresponds to per-

centage of ferric oxide.) As may be seen in

figure 4, the position of the peak corresponding to
pentacalcium trialuminate remains invariable.

The position of the maximum for aluminoferrite is

constant only in samples with a content of 12 and
14 percent of feme oxide; if the content is more,
then the peak is displaced, showing a change in

concentration of the solid solution.

The choice of the formula, shown above, for the
limiting solid solution is also confirmed by some
crystallochemical considerations. Probably the
relations of atoms in the elementary cell can be
presented in the following way: 8CaO-3Al203-
Fe203 or Ca8Fe2Al602o.

Biissem [22] thought that aluminum atoms in

aluminoferrites are only in octahedral coordina-
tion. We consider that the point of view of

Malquori and Cirilli correspoijds better to reality.

These authors think that aluminum atoms are to
be found in aluminoferrites with coordination
numbers four and six. In reality, this point of

view is confirmed by the existence of the alumino-
ferrite solid solution of the type Ca8Al6Fe202o. In
this compound 4 aluminum atoms are in tetra-

hedral coordination and 2 in octahedral. The
structural forms of the considered compounds can
be represented as follows

:

Chemical composition
Quantity
of FejOj in
weight
percent

Number
of "mole-
cules" in

the ele-

mentary
cell

Structural formulas

68. 8 4

4CaOA1.03Fe303 32.8 2 CajFe^Al'J'Oio

8CaO-3Al203 Fe203 17.6 1 Ca8Fe'J'Al'j''AlV02o

For the composition 6CaO-2Al203-Fe203 (ferric

oxide 22.8 percent) or eCaO^.lAlaOa-O.QFezOs
(ferric oxide 20.7 percent) it was impossible to

establish a disposition of atoms m the elementary
cell of the type Ca8MeV-MeV-02o.

It is necessary to consider that the formulas

shown above express only a relation of oxides in

aluminoferrites.

In 1958 Newkirk and Thwaite of the National
Bureau of Standards, USA [23], published a new

1- - I I I I I

£f° W' 20' 30' 40' 50' 22°

DIFFRACTION ANGLE, d

Figure 4. Relative positions of calcium aluminate and
calcium aluminoferrite lines.
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communication on solid solutions in alumino-
ferrites. According to the data of thermal and
X-ray analyses the authors drew a conclusion that
the limiting composition of the aluminoferrite

soHd solution corresponds to the formula 6.45CaO-
2.3lAl203-Fe203. Thus, it corresponds to a com-
position occupying an intermediate position be-
tween the limiting compositions indicated by
Malquori [17] and by us.

From our point of view, results of joint investi-

gations by X-ray and microscope afford the
greatest precision.

All examples, given above, show that the

chemical nature of the different crystalline phases
of Portland cement clinker is very complex.
Chemical phenomena in solid solutions are broadly
developed, and there is a great possibility for

variations of the structure and for chemical
reactivity of the clinker minerals.
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Discussion

IMyron A. Swayze

Dr. Toropov's approval of the petrographic
microscope as the most precise instrument in

checking homogeneity of the aluminoferrite solid

solutions is heartUy seconded by this writer,

especially if powder mounts of these compositions
are made in Hyrax resin. This material has a
refractive index of 1.713, and thus allows observa-
tion of all the colorless clinker minerals with almost
complete elimination of refraction shadows around
these compounds. It has the further advantage of

producing permanent moimts for everything
except free CaO, which hydrates very slowly in

contact with the solid resin.

High index resins for identification of particular

compositions within the aluminoferrite solid

solution series are not as reliable as X-ray analyses
because of difficulty in standardizing these resins

and the volatility of the lower index portion of

these mixtures in preparing powder moimts. The
X-ray patterns as shown in Toropov's figure 4
should furnish a much more exact indication of

the A/F ratio of ferrite phases.

In this connection, it is regrettable that he fails

to include compositions in table 2 between Fe203
contents of 20.0 and 24.0 percent, and that these
compositions were not subjected to X-ray analysis.

A study of this kind should automatically settle

the present question of the minimum Fe203
content of the aluminoferrite series of solid solu-

tions, by revealing C5A3 peaks when this minimum
was passed.

Incidentally, the compositions shown in table 2

are not prepared from mixtures of C5A3 with C2F or

C4AF at all, as might be concluded from the dis-

cussion, but are rather on or very close to a line of

compositions running from C2F to a hypothetical
C2A. Since this line of compositions is of such
great interest, it is hoped that the author and his

colleagues will fill in the information on composi-
tions between 20 and 24 percent Fe203 and present
these new data as a revision of the present paper.
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Paper II-S8. Decomposition of Alite in Technical Portland Cement
Clinker *

E. Woermann

Synopsis

The conditions occurring in technical clinker for the decomposition of alite to secondary
belite and free lime have been traced. It is shown that alite tends to decompose only in such
iron-bearing clinker samples as show typical indications of reducing heating conditions.

Laboratory experiments were conducted to confirm the hypothesis that the abnormal
instability of alite is produced by ferrous iron ions entering the alite lattice.

Reducing conditions during the sintering process result in: dusting of clinker containing
primary belite; a considerable increase in periclase; changing quantitative ratio of ferrite
and aluminate; and a change of the properties of ferrite.

Under favourable conditions alite may decompose so rapidly that freezing of the high
temperature equilibrium cannot be achieved simply by quenching in air.

The lower limit of stability of alite containing ferrous iron in solid solution is deter-
mined to be 1,183 °C (± 5 °C). Alite containing ferric iron has been destroyed by annealing
at a temperature of 1,180 °C.

Evidence has been offered that the Fe++ ions are for the greater part substituting for
Ca++ ions in the alite lattice.

Resume
Les conditions pr^sidant h la decomposition de I'alite du clinker de I'usine en belite

secondaire et en chaux libre sont connues. On montre que I'alite ne tend k se decomposer
que dans les ^chantillons de clinker ferrif^re qui donnent des indications typiques de chaufifage
r6ductif.

On a proc6de k des experiences au laboratoire pour corroborer I'hypoth^se que I'instabilite

anormale de I'alite est produite par les ions de fer ferreux penetrant le r^seau d 'alite.

Les conditions r^ductives au cours de ragglom6ration par frittage donnent les r6sultats
suivants: pulverisations spontan^e du clinker contenant du belite primaire; periclase extr6-
mement accrue; rapport quantitatif de ferrite et d'aluminate changeant; et un changement
dans les propriet^s du ferrite.

Sous des conditions favorables I'alite pent se decomposer si rapidement que le simple
refroidissement k I'air est incapable de realiser la fixation de I'equilibre k haute temperature.

La limite inferieure de stabilite de I'alite contenant du fer ferreux en solution solide est
determinee comme etant de 1,183 °C (±5 °C). L'alite contenant du fer ferrique est

detruit par recuit k une temperature de 1,180 °C.
On presente de I'evidence que I'ion Fe++ remplace en partie le Ca++, en entrant pourtant

en partie les troux du reseau d'alite.

Zusammenfassung
Die Bedingungen, die in technischem Klinker zum Zerfall des Alit in sekundaren Belit

und freien Kalk fiihren, wurden untersucht. Es konnte dabei gezeigt werden, daC Alit

vorwiegend in eisenfiihrenden Klinkerproben, die typische Anzeichen reduzierender Brenn-
bedingungen aufweisen, zum ZerfaUen neigt.

Die Annahme, dafi die abnormale Instabilitat des Alit durch in das Gitter eintretendes,
zweiwertiges Eisen verursacht wird, konnte durch Laboratoriumsversuche bestatigt werden.

Reduzierende Brennbedingungen rufen einige weitere, charakteristische Eigenschaften
im Klinkerbild hervor: Klinker mit hoheren Belitgehalten neigen zum Zerrieseln; die Peri-

klasgehalte nehmen zu; das Mengenverhaltnis Aluminat: Ferrit wird zugunsten des Aluminat
verschoben; die optischen Eigenschaften des Ferrit sind verandert.

Unter giinstigen Umstanden kann Alit so schnell zerfallen, daC der Zustand bei Sinter-

temperatur auch durch Abschrecken an Luft nicht eingefroren werden kann.
Die StabiUtatsgrenze von Fe++ haltigem Alit liegt bei 1,183 °C (±5 °C). Alit mit

Gehalten von dreiwertigem Eisen konnte durch Tempern bei 1180 °C zerstort werden.
Die Fe++ lonen scheinen im wesentlichen Ca++ lonen des AJitgitters zu vertreten.

Decomposition of Alite

During the last three decades much work has
been devoted to the phenomenon of the decompo-
sition of alite in portland cement clinker to second-
ary belite and free lime according to the simplified

equation

3 CaO Si02-^2 CaO Si02+CaO.

•Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the Hauptlaboratorium, Portland-
2ementwerke Heidelberg A. Q., Germany.

Except for the special case of admixture of CaF^
to the clinker it has always proved necessary for

the laboratory specimens to be tempered for a

very long run—generally for several days—at

temperatures between 1,300 and 1,000 °C before

any decomposition of alite was detectable. Thus
for these laboratory experiments time factors have
been involved that are incomparable with any
technical process.

Decomposition of alite in technical products,

however, has been observed repeatedly during
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FiGUKE 1. Idiomor-phic crystal of alite {dark grey) 'partially

disintegrated {diffused part).

Shaft Mln clinker. Etched with dimethyl ammonium citrate. 1600 X.

Figure 2. Secondary free lime showing as fine black
inclusions after exposure to moist air for 24 hr.

Shaft Mln clinker. 200 X.

Figure 3; The same specimen as shown in figure 2.

Intense decomposition of alite In a shaft kiln clinker. 50 X.

microscopic control of shaft kiln and sinter grate
clinker (figs. 1 to 4). Spohn [1],^ Spohn and
Woermann [2].

The products of this decomposition form inti-

mate myrmekitic intergrowth structures, pseudo-
morphous after the primary alite, of very small,

but even in single specimens widely varying
dimensions. Typically the decomposition starts

from certain centers that show relatively coarse
intergrowth structures. From here it spreads like

an infectious disease from one crystal to another,
the intergrowth structures becoming ever finer

with increasing distance from the centers until at

last it is impossible to resolve them by optical

methods. In this case the decomposition may
still be detected in polished sections by the rough
surface and the diffused reflection of the alite

pseudomorphs and the quite different etching
properties of the secondary products (fig. 5).

Table 1

Clinker A B C D

Alite 82.6 76.5 73.9 77.6
Decomposed alite. .._ 32.3 44.2 25.9 62.8
Secondary free lime 7.9 10.9 6.4 13.0
Primary free lime 5.0 3.3 2.4 1.1

Sum: free lime (micr.) 12.9 14.2 8.8 14.1

Free lime (chem. anal.) 5.8 5.4 3.2 7.1

1 Figures in brackets indicate the literature references at the end of this

paper.
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Figure 4. Disintegration of alite starting from the crystal Figure 5. Alite crystals (dark grey) being decomposed to

surfaces. belite (light grey) and free lime (black).

Typical coating of the alite crystals by belite in spite of a high content The center from which the disuitegration has started shows coarser struc-
of primary free lime. Sinter grate clinker. Etched with H2O. 500 X. tures. Shaft kiln clinker. Etched with HjO. 500 X.

Methods of Investigation

The observation of these phenomena has only
been possible by microscopic methods on suitably

etched polished sections.

In thin sections, areas with decomposed alite

were characterized by blurred dark spots. The
decomposition products are in any case much
finer than the thinnest practically attainable thin

section (fig. 6).

The chemical determination of free lime must
necessarily give values that are too low and will,

in the case of the finest intergrowth-structures of

the secondary products, fail altogether as a method
for the detection of the decomposition of alite.

Table 1 compares some values, obtained by ana-
lytical and microscopic methods, of free lime in

clinker containing amounts of decomposed alite.

The phenomenon of the decomposition of alite

in technical clinker has been described by several

authors, e.g., Trojer [3] and A16gre and Terrier [4].

In all cases slow cooling in the temperature inter-

val below the stability limit of alite has been
quoted as a determining factor. Trojer observed

decomposition of alite in clinker specimens con-

taining relicts of coke or traces of a "sulfite"

phase. From this he concluded that the burning
of these inclusions in air would produce enough
heat to prevent effective cooling of alite in the

critical interval.

Figure 6. In thin sections decomposition of alite may be

recognized by dark blurred spots.

Shaft kiln clinker. 200 X.
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The Causes of the Decomposition of Alite in Technical Portland Cement Clinker

Tracing the phenomena accompanying the de-

composition of ahte soon led to doubt that slow
cooling alone is responsible for this effect in

technically cooled clinker.

It was proved that alite may be destroyed even
in cases of fast cooled clinker, as for example in

sinter grate clinker, where the typical dendritic

intergrowth of the matrix confirms the quenching
from sintering temperature. The abnormal in-

stability of alite seems to be sensibly dependent on
other factors, e.g., the presence of foreign com-
ponents that may enter the alite lattice. Some
most typical characteristics may be observed in

clinker showing structures of alite decomposition.
Generally the clinker is densely burnt, being of a

light brown colour.

Under the microscope the ferritic phase shows a

distinctly lower reflectivity than in normal
clinker, a typical characteristic of reducing condi-

tions during the sintering process.

At the same time some further compounds may
be identified which can only be formed in reducing

atmosphere, as for example calcium or iron sulfides

(fig. 7).
_

Under conditions of extreme reduction, however,

the ferritic phase disappears. All iron is trans-

formed to the metallic state. The colour of the

clinker is white. At the same time all structures

of the decomposition of alite disappear.

Figure 7. Intense disintegration of alite in a specimen
bearing calcium sulfide (white, round spots).

Shaft kiln clinker. Etched with H2O. 500 X.

Black, fully oxidized parts of the same sample,
on the other hand, show a quite normal clinker
with the usual combination of its components—

a

high reflectivity of the ferritic phase and eutectic
intergrowth of ferrite and aluminate in the
matrix—without any trace of decomposed alite.

In some cases however fine lamellae are exposed
in the alite crystals (fig. 8). They occur in three
different—but apparently not equivalent—sets

with strict crystallographic orientation with re-

spect to the host. Coarser individual lamellae
could be identified as belite.

Nearly all of the phenomena accompanying the
decomposition of alite thus point to moderately
reducing burning conditions, while on the other
hand intense reduction, transforming iron to the
metallic state, does not seem to exert an accelerat-

ing influence on the destruction of alite.

Furthermore the pseudomorphs after alite most
frequently contain fine inclusions or margins of

ferrite in addition to the belite and free lime to be
expected here (figs. 9 and 10). Apparently iron

is playing an active role in this reaction.

These observations lead to the conclusion that
alite by action of moderate reduction and in the
presence of iron—probably by introduction of

ferrous iron into the alite lattice—is becoming
highly unstable so that it will tend to decompose
to belite, free lime and a ferritic phase, even under
normal technical cooling conditions.

FiGUEE 8. Fine lamellae of belite in three parallel sets in

alite crystals.

Shaft kihi clinker. 500 X.
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Figure 9. Alite (medium grey relicts) being disintegrated

to a myrmekitic intergrowth structure of belite {light grey), Figure 10. Decomposed alite crystals with tiny inclusions

free lime (dark grey) and a ferritic 'phase {white). and distinct margins of ferrite.

Shaft kiln clinker. Etched with H2O. 500 X. Laboratory chnker. 500 X.

Laboratory Experiments

It seemed desirable to prove the deduction, that
the decomposition of alite under technical condi-
tions is decidedly influenced by the action of

Fe"*""*", by laboratory experiments.
Laboratory clinkers of very different composi-

tions in the range of normal portland cement were
prepared from pure chemical substances. Differ-

ent fractions of each were subsequently treated

according to the following scheme:

1. heated in air,

2. heated in air,

3. heated in reducing
atmosphere,

4. heated in reducing
atmosphere,

quenched
slowly cooled
quenched

slowly cooled

A uniform sintering temperature of 1,450 °C was
chosen for all charges, which were kept at this

point for 30 min, in some special cases even much
longer. Quenching was achieved simply by drop-
ing the charge—about 7 g of clinker—from the
maximum temperature to open air. Slowly cooled
specimens were kept in the furnace, where the
temperature dropped constantly at a rate of

5 °C/min until a temperature of 1,000 °C was
attained.

Different methods were adopted to obtain
moderate reduction in these charges. Either
nitrogen containing small amounts of hydrogen
was passed through the furnace tube or, with

much better results, H2O/H2 or CO2/CO mixtures
were used. Excellent results were obtained by
heating the charge in a closed iron crucible, but
here it was most difficult to have control of the
metallic iron of the crucible itself taking part in

the reaction. Considerable difficulties have also

been experienced with long run heatings in

platinum crucibles and H2O/H2 gas, especially

with high temperatures. The vapour pressure of

FeO proved here to be high enough to cause
considerable differences in composition of the
charge before and after heating or in the com-
position of its outer shell and its centre. For
these reasons the results of our experiments can
have only a purely qualitative character. Never
the less the deductions made from our experience
with shaft kiln clinker were confirmed.

Clinker heated in air with subsequent quenching
shows normal idiomorphic alite, round belite

crystals and a most typical dendritic intergrowth
of the matrix (fig. 11).

With heating in air and slow cooling a clinker

is produced showing all well known character-
istics: Alite is still fresh without any trace of

decomposition. Aluminate and ferrite have cr3^s-

tallized separately. They show tiny exsolutions

of behte (fig. 12).

The structure of clinker heated in reduced
atmosphere and quenched (fig. 13) dift'ers greatly

from the above.
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Figure 11. Laboraionj charge heated in air, quenched from
sintering temperature.

Etched with H2O. 500 X.

Figure 13. Laboratory charge heated in reducing atmos-
phere, quenched from sintering temperature.

Etched with H2O. 500 X.

Figure 12. Laboratory charge heated in air, cooled at a
rate of 5°C/min.

Etched with H2O. 500 X.

Figure 14. Laboratory charge (initial composition analo-
gous to that offigures 11-13) heated in reducing atmosphere,
slowly cooled.

Inclusions of periclase (grey) and metallic iron (white). Etched with
H2O. 500 X.
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In spite of the fast cooling the phases of the
matrix are distinctly separated from each other
without showing the typical eutectic intergrowth
structures. The etching properties are changed,
the alite now being considerably less sensitive to

the influence of water. No traces of decomposi-
tion are shown by the alite crystals in quenched
charges. The content of free lime is always
considerably higher than in oxidized charges of

the parallel run. The alite crystals are coated

—

mostly after a thin ferrite seam—by a thick belite

cover, a phenomenon that can be observed in

some technical clinker as well. The melt must
have been rich in silica and comparatively poor in

lime. With quick cooling a resorption has been
prevented.

Charges treated in a current of reducing gas
during the heating and with subsequent slow
cooling also produce highly characteristic struc-

tures (fig. 14). The most striking one is the

decomposition of alite, which can be traced here
in almost every charge: In 24 charges treated

accordingly the degree of decomposition with
respect to the original alite varied between 10 to

85 percent. Exceptions are noted only in clinker

without iron or with very low iron content. Thus
it is evident that here a combination of iron

content, moderate reduction and slow cooling is

a prerequisite for the decomposition of alite.

In some cases the structures of secondary
belite and free lime are extremely coarse. Thus
it may occasionally be difficult to detect their

source (fig. 15).

Clinker containing MgO shows a distinctly

lower rate of decomposition of alite, which could,

however, never be prevented altogether. We

Figure 15. Coarse intergrowth structures in centers of
decomposition.

Inclusions of metallic iron. Laboratory charge. Etched with HjO. 500 X.

may conclude that alite containing Mg+"^ cannot
dissolve as much Fe"*""*" as alite free of Mg"'"''".

Furthermore clinker containing Mg"*""^ generally

contains appreciable amounts of periclase. even
if the parallel charge, run in oxidizing atmosphere,
is altogether free of periclase. The periclase

itself is characterized by high reflectivity and low
polishing hardness. It thus obviously contains
appreciable amounts of wiistite in solid solution.

The ferritic phase here possesses a considerably
lower reflectivity than in analogous specimens
heated in air. It is stable in the presence of

metallic iron. The amount of aluminate increases

on account of ferrite.

The massive belite seams around alite crystals

shown by quenched specimens have disappeared
completely. Obviously equilibrium conditions
could be attained by resorption of belite by free

lime.

Charges with a relatively low content of lime
regularly tend to dust, even if samples of the
same composition heated in oxidized atmosphere
remain hard. This is in good agreement with
the results of Suzukawa's [5] experiments, stating
that the ^-y inversion of belite is sensibly pro-

moted by small amounts of 2FeO-Si02 in solid

solution with 2CaO-Si02. It has been estab-

lished in technical clinker as well as in laboratory
specimens that in general primary belite tends to

dust much easier than belite derived from the
decomposition of alite (fig. 16). Charges with
high content of lime frequently remain hard, even
if alite has been decomposed completely to

secondary belite and free lime. It is obvious that
dusting of a clinker specimen cannot be a direct

measure for the degree of decomposition of alite.

Figure 16. Single grain from dusted clinker.

The inversion to -y-CjS has been limited to primary belite. Shaft Mln
clinker. Etched with alcoholic HNO3. 500 X.



The Velocity of Decomposition of Alite

The rate of cooling of laboratory charges was
chosen to be about 5 °C/min in order to pass the
temperature interval between 1,450 to 1,000 °C in

90 min, corresponding to slow technical cooling
conditions. Later some experiments were made in

order to determine the tendency of alite to decom-
pose even in shorter time intervals. Even after

cooling at a rate of 10 °C/min a considerable
amount of the alite is destroyed. The intensity

of this decomposition is dependent on the com-
position of the specimen and on the heating
temperature. Thus complete decomposition of

alite could be observed in a sample prepared by
heating a mixture of pure tricalcium silicate with
6 percent of ferrous oxide (FeaOs+Fe^S FeO)
in H2/H2O gas at 1,600 °C, although it was
quenched subsequently in nitrogen (fig. 17). A
charge of analogous composition was heated in air,

where the first traces of decomposition could be
observed only after annealing of the charge for

30 to 45 hr at 1,180 °C.

FiGUKE 17. Complete decomposition of a laboratory spec-

imen after quenching from 1600 °C
Etched with alcoholic HNO3. 1000 X.

The Limit of Stability of Alite

A most favourable chance has been offered to

determine the limit of stability of alite by a quick
method by treating the alite with ferrous iron.

Knowing, however, that the decomposition of alite

containing Fe++ may occur very rapidly it seemed
doubtful whether normal quenching would always
succeed exactly in preserving the conditions of

equilibrium of the temperature of annealing.
Thus, after heating a charge at 1,500 °C, it was
slowly cooled in reducing atmosphere until the
temperature chosen for this run was attained.
The furnace temperature having been kept at this

point for 2 hr, the charge was oxidized and thus
the phases stable at that temperature were pre-
served and the equilibrium safely frozen to room
temperature.

The limit of stability of alite containing Fe"'""'"

has been determined by this method to be 1,183
°C (±5 °C). It seems, however, that this value is

valid only for the special case of instabilization of

alite by Fe"*""*". Attempts to decompose alite

heated in air, by annealing, show that charges

containing ferric iron are unstable at a temperature

of 1,180 °C while those containing alumina and
magnesia did not show any trace of decomposition

after 120 hr annealing at this temperature. This

is in good accordance with the observations of

Welch and Gutt [6] who found that the limit of

stability of alite may be shifted considerably by
different admixtures.

The Fe++ Content of Alite

An attempt was made to determine the limit of
solubility of Fe++ in alite. For this purpose pure
tricalcium silicate containing admixtures of metal-
lic iron and ferric oxide was heated to temperatures
of 1500 °C and 1600 °C, respectively, while a
water-vapor/hydrogen mixture of varying compo-
sition was passed over the charge. Succeeding
inspections by analytical methods and by micro-
scope always revealed that certain quantities of
ferric iron or of ferric iron and metallic iron were
present. It seems to be impossible to obtain a
compound containing iron only in its bivalent

state. Our analytical data, however, prove that

at least 2.60 percent FeO together with 0.40 per-

cent FcaOs may enter the tricalcium silicate as

solid solution, thus producing the typical powder
diagram of alite.

It has already been mentioned that considerable

amounts of free lime are liberated by the reduction

of iron-containing clinker. This phenomenon can
be observed even much better in charges prepared
from pure tricalcium silicate, containing no more
than traces of free lime, and iron oxide only.

After heating in reducing atmosphere, considerable
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Figure 18. Complete disintegration of iron-bearing alite in
a laboratory charge resulting in a myrmekitic intergrowlh

of secondary free lime, belite, and ferrite.

Primary and secondary free lime may easily be distinguished from one
another. Etched with H2O. 800 X.

amounts of free lime are produced (fig. 18) while
the phases of air-treated clinker in the parallel run
consist of alite, belite, and ferrite. Thus it may be
concluded that at least a considerable fraction of

the Fe++ formed during this process replaces Ca"'""'"

of the tricalcium silicate.

The reoxidation at lower temperature of prima-
rily reduced, iron-bearing alite produces character-

istic structures which may help to arrive at an
analogous deduction. Alite treated in this way
shows three sets of fine, strictly parallel belite

lamellae, strikingly similar to those described from
technical clinker samples (fig. 19). This feature

may be explained as follows:

During the heating of the clinker under condi-
tions of reduction, Fe"^"*" ions have been replacing

some of the Ca"*""*" ions of the tricalcium silicate.

Oxidation at lower temperatures transforms the
divalent iron ions to trivalent ones which can no

Figure 19. Three different sets of parallel belite lamellae
follow the orientation of the alite crystal.

Laboratory charge. Etched with H2O. 1000 X.

longer substitute for calcium. The ferric ion, on
the contraiy, changes its chemical nature from a

cation to an anion, now detaching further amounts
of divalent ions from the tricalcium silicate. As
the formula of tricalcium silicate containing Fe"^"*"

as a substitute for Ca"*"^ may be written
(Ca,Fe)3Si05 or xCasSiOs-^/FesSiOs the equation
for this transformation will be

10 CasSiOs + 2 FesSiOs^ 12 Ca,Si04 + 3 CajFeaOs
ox

or

10 C3S + 2 faS 12 C2S + 3 C2F, (where
ox

f=FeO).

This clearly demonstrates the reaction forming
belite lamellae in alite crystals at lower tempera-
ture, where the low mobility of the lattices

prevents the complete separation of the resulting

phases from one another as would have happened
at higher tempertaures. Thus theoretically the
oxidation of 1.0 percent Fe++ in alite will result in

the transformation of tricalcium silicate to 6.17

percent dicalcium silicate. Again this reaction
points to the substition of Ca"^"*" by Fe"*""*" in alite.

The Influence of Sulfides on the Stability of Alite

Sulfides are formed only under conditions of

reduction, thus occasionally being encountered in

samples showing disintegration of alite. Gener-
ally, however, they rather seem to repress this

reaction.

Rather as a curiosity we want to present a

photograph here (fig. 20), demonstrating the
decomposition of alite in a clinker sample contain-
ing an unusually high amount of sulfides. Here
belite, free lime, ferrite and an iron sulfide may be
identified as disintegration products pseudo-
morphous after alite.
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Figure 20. Myrmekitic intergrowths of belite, free lime,

ferrite, and iron sulfide pseudomorphous after alite.

Oil, immersion, crossed nicols. 500 X.

Decomposition of Alite

in Clinker Containing Potassium

It is well known fact that the formation of alite

is prevented when a certain limiting concentration
of potassium in the clinker is passed. A belite

phase and free lime are formed instead. (Zur
Strassen [8])

This limit of concentration of potassimn seems
to be dependent on temperature in such a way that
alite crystals may contain a higher amount of

K"*" at higher temperatures without being de-
stroyed. Thus there is a possibility that with
lower temperature, in the equation alite= belite+
free lime the equilibrium may be shifted to the
right. An alite crystal containing certain amounts
of potassium will thus tend to decompose. Like-
wise a later addition of potassium to the clinker
will result in a change of equilibrium.
The decomposition of alite by the influence of

higher concentrations of potassium has been ob-
served in laboratory clinker. The minimum
amount of potassium resulting in this disintegra-
tion may even be attained by technical clinker.

The author, however, has not yet found a sample
in which the decomposition of the alite had to be
ascribed without doubt to the fact that the limit
of potassium content had been passed.
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Discussion

G. Ahlers

In this discussion it is desired to report on some
other experiments on the decomposition of alite.

It was felt that this decomposition, if it could be
brought to completion, would be a way of obtain-
ing a direct method of analysis for alite. Whereas
it was found that normal clinkers did not decom-
pose at an appreciable rate at any temperature, it

was possible to decompose at least some cements
quantitatively at 900 °C. The difference in the
rate of decomposition between cement and clinker

is due to the catalytic effect of CaS04 [1].^ It was
ascertained that the decomposition was complete
by examining the cement after ignition by means
of X-ray diffraction. After two hours at 900 °C,
the alite lines were completely gone, there were
strong CaO lines, and there were lines due to a

substance which is believed to be some form of

C2S. The C2S found was by no means the same
material as that already present in the cement.
Its pattern also did not agree too well with those
reported for other forms of C2S; however, this

problem was not pursued any further.

The CaO formed during the decomposition
was determined by the Bogue and Lerch modifica-
tion of the Emley method [2]. The C3S was calcu-

lated from this analysis by multiplying the free

lime content by 4.072. This factor is based on
the simplified reaction as written by Woermann;
however, the error in the C3S if one assumes
Jeffery's formula to be correct would be only

about 2 percent. Since this is an extreme assump-
tion, it is felt that the factor for pure C3S is a

sufficiently good approximation.
It is, of course, conceivable that there are other

minor reactions occurring under the suggested

conditions in which CaO is involved. Notably
there is a good possibility of a change in the com-
position of the ferrite phase. Indeed such a

change was occasionally suggested by a change
in the ferrite X-ray pattern. But nonetheless an
estimate within several percent of the alite content

could be obtained by this method. The results of

11 analyses are listed in table 1. They are com-
pared with the results of Bogue calculations.
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Table 1. C3S analyses by decomposition and by Bogue
calculations

i His metnoti iiosuG s in6tnoci

4/. 0 to. 0

00. / 49 5
1Q nu 21 0
50 1 48 1

56] 2 54! 8
55.8 53.1
48.0 55.8
55.7 57.3
50.1 48.2
60.7 61.1
56.2 61.2
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Closure

E. Woermann

According to the results of Ahlers' experiments
it is possible to determine the amount of alite

in a sample of portland cement by analyzing
the free lime liberated by the decomposition of

the alite during heat treatment in a laboratory
furnace. For this purpose the amount of second-
ary free lime necessarily has to be determined
most exactly and quantitatively.

At first glance this seems to be in contradiction

to our statement, that it is impossible to trace

the decomposition of alite in technical clinker

by conventional analytical methods, because
generally the intergrowth structures of secondary
belite and free lime are much finer than the average
grain size of cements.

It must be kept in mind, however, that the

laboratory technique applied by Ahlers is totally

different from any technical process.

(1) Ahlers points out the fact that normal
clinker does not decompose at an appreciable

rate at any temperature. In portland cement,
however, alite may be quantitatively decomposed,
owing to the catalytic action of the gypsum
added.

(2) The samples of portland cement selected

by Ahlers at one time have been cooled from
sintering temperature in technical cooling aggre-

gates—in most cases even at a relatively rapid
rate. Only later they have been reheated to

900 °C in order to bring about the disintegration

of the alite contained in these samples. Con-
sidering the influence of fast cooling on the prop-
erties of Portland cement clinker, it does not
seem improbable that rapid cooling may even
affect the properties of alite itself. Thus alite

seems to react more sensitively to this heat
treatment than to the slow cooling from sintering

temperature to about 900 °C that might occur
in a technical process.

(3) From experiments of S. L. Meyers [1] and
E. T. Carlson [2] we know that the age of the
portland cement sample aft'ects the tendency of

the alite to dissociate, which is much less in the

case of fresh material.

(4) Furthermore it should be borne in mind
that the disintegration of alite in technical clinker

is due to solution of divalent iron in the alite,

which sensibly influences the velocity of the
decomposition of the latter and thus at the same
time, most probably, the coarseness of the inter-

growth structures of the secondary products.

(5) During our own experiments it has re-

peatedly been observed that, while the disinte-

gration products of alite in technical clinker form
very fine intergrowth structures pseudomorphous
after alite, these structures are very coarse in

samples subjected to prolonged heat treatment
according to the proposals of Ahlers. It is

evident that in this case the amount of secondary
free lime can be determined by conventional
analytical methods. Thus our experiments are

in good agreement with the results of Ahlers and
of Meyers [1].

At this point it seems interesting to review the

literature regarding the decomposition of alite and
of tricalcium silicate. We find that nearly all

research work devoted to this feature is done by
reheating charges of the material in question, with
or without further additions, at different tempera-
tures. The recorded increase in the analyzed
amount of free lime is accepted as a direct measure
for the degree of disintegration of alite or of tri-

calcium silicate, (e.g., S. L. Meyers [1], E. T.

Carlson [2], D. Steiner and B. Bartos [3], N.
Yannaquis [4], F. W. Locher [5], J. H. Welch and
W. Gutt [6], and others.) On the other side

F. Trdjer [7], investigating the decomposition of

alite in technical clinker, finds that in his samples
the secondary free lime cannot be determined by
conventional analytical methods because the
structures of the secondary products are much too
fine. Thus the belite to a considerable extent

protects the free lime from being dissolved by the
reagents.
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Paper II-S9. Note on the Behavior of Tetracalcium Aluminoferrite
in an Atmosphere of Hydrogen*

p. Longuet

Synopsis

The weight losses attending the reduction of iron oxide compounds in a hydrogen
atmosphere were recorded by thermogravimetric means. The strength of bond between
Fe and O was thus revealed, with CjAF apparently the most stable combination of those
investigated. The iron formed by the reduction is quantitatively oxidized to Fe203 in an
atmosphere of CO2.

Resume

Les variations de poids provenant de la reduction des composes oxyd^s du fer en at-

mosphere d'hydrog^ne sont enregistr^es par thermogravimetric. L'intensit6 de la liaison

entre Fe et O est ainsi mise en Evidence—AFCi apparatt comme le terme le plus stable.

Le fer form6 lors de la r6duction est quantitativement oxyd6 en Fe203 en atmosphere de CO2.

Zusammenfassung

Die Gewichtsverluste, die wahrend der Reduktion von Eisenoxydverbindungen in einer
Wasserstoffatmosphare auftreten, wurden vermittelst thermo-gewichtsanalytischen Metho-
den registriert. Man konnte in dieser Weise die Bindungsfestigkeit zwischen Fe und O
feststellen, und es ist auf diese Weise herausgefunden worden, dafi augenscheinlich C4AF
die stabilste Verbindung ist. Alles Eisen, welches durch die Reduktion gebildet worden
ist, wird in einer CO2 Atmosphare quantitativ zu Fe203 oxydiert.

Experimental Procedure

The use of thermogravimetric analysis as a
method of phase analysis has led us to study the
action of hydrogen on the reducible components
in cement chemistry (alkali and alkaline earth
sulfates, iron compounds, etc.). The present note
deals with tetracalcium aluminoferrite and certain

supplementary tests.

We used the Chevenard thermobalance which
we have described elsewhere. We will simply say
that the apparatus used permits continuous
measurement of weight variation in a specimen
subjected to a uniform temperature rise (300 °C
per hr) in a definite gaseous atmosphere (air, H2,
CO2, N2, A ... at atmospheric pressure)

.

The compounds subjected to tests were pre-
pared by coprecipitation. A standard solution
of nitrates with desired cations is precipitated
simultaneously by ammonium carbonate. The
precipitate obtained is dried, calcined at about
600 °C to constant weight, finely ground, and kept
in an electric furnace for 20 to 30 hr at a tempera-
ture somewhat lower than the probable point of
fusion. The composition is checked by chemical
analysis, and, eventually, the phases present are
identified by X-ray diffraction. A summary of
our observations follows.

The Compound 4CaO Al203 Fe203

Figure la shows the curve for reduction of this

compound in hydrogen. The trend is regular,
without level stretches, as in the case of the re-

*Fourth International Symposium on the Chemistry of Cement, Wash
ington, D.C., 1960. Contribution from Centre d'Etudes et de Recherches
de L'Industrie des Liants Hydrauliques, Paris, France.

duction of a definite compound. The tempera-
ture at the start of the reaction is around 860 °C.

This value is the highest encountered in the study
of the ferric compounds. Figure 2 shows the be-

havior of Fe203 under the same conditions.

The compound obtained after reduction (cool-

ing in an atmosphere of hydrogen) presents an
X-ray diffraction pattern whose continuous back-

la lb

Reduction in Oxidation,

0 2 4 6 e 10
I

0 2 4 6 8 10 X 100

TEMPERATURE, "C

Figure 1. Thermogravimetric analysis of C4AF.

Reduction in hydrogen, and oxidation in oxygen and carbon dio.xlde. Heat-
ing rate 300 °C per hr.
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Figure 2. Thermogravimetric analysis of Fe203.

Reduction in hydrogen. Heating rate 300 °C per hr.

ground is rather pronounced, yet permits detection
of the principal Unes of metaUic iron (Fe), trical-

cium aluminate (C3A),and calcium oxide (CaO).
A quantitative determination of the lime thus
liberated by fixation of water vapor at 200 °C at
atmospheric pressure yields a value of the order of

one mole CaO per mole of reduced C4AF.
When heated in air the reduced compound

oxidizes, following a regular curve (fig. lb, solid

line). Upon complete oxidation the compound
presents an X-ray difl^raction pattern analogous to

the initial C4AF product, although with a some-
what more pronounced continuous background.
No free CaO is observed.
When heated in an atmosphere of CO2 (we

intended at the start to investigate the behavior
of free CaO), the very finely divided iron of the
reduced compound quickly takes part in oxidation-
reduction reactions, finally becoming completely
oxidized—the same final state as in air—without
revealing any evidence of even partial carbonation
of free lime (dashed ciu-ve, fig. lb).

Supplementary Tests

No systematic study of the systems CaO-Fe203
and CaO-Fe203-Al203 was undertaken. Yet we
must mention the behavior of certain compositions
which we had occasion to examine.
A first binary composition comprising 80.9

percent Fe203 and 19.1 percent CaO (fig. 3).

Reduction begins at a lower temperature than
that of the oxide. The trend of the curve reveals
a succession of equilibria during the course of the
reaction. The system is complex.
A second binary composition (64.1 percent

Fe203 and 35.9 percent CaO) (fig. 4). The tem-
perature increases at the start 'of the reduction.
The trend is simpler and of a general type related
to a sequence of two simple reactions.
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Figure 3. Thermogravimetric analysis of CFi.49.

Reduction in hydrogen. Heating rate 300 °C per hr.
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Figure 4. Thermogravimetric analysis of CsFi.g?.

Reduction in hydrogen. Heating rate 300 °C per hr.

A ternary composition (AI2O3, 26 percent;

Fe203, 31 percent; CaO, 43 percent or, expressed
in milhmolcs per 100 g, AI2O3 257; FejOa 193;

CaO 770) . The composition presents the following

ratios: C/F= 4 and A/F>1. It corresponds to

an addition of 64 mM of AI2O3 to 193 mM of

C4AF, with a ratio of excess A to C4AF that

amounts to 1/3.

The thermogram obtained in a hydrogen
atmosphere (fig. 5) reveals two successive reactions

which are clearly defined. One can see that the

ratio of successive losses, 2.75/5.55, has essentially

the same value as the ratio 64/(193-64). It

seems as if the AI2O3 added to C4AF forms an
equivalent quantity of a ferric compound that
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Figure 5. Thermogravimetric analysis of C4A1.33F.

Reduction in hydrogen. Heating rate 300 °C per hr.

is more easily reducible. The completely reduced
composition yields an X-ray diffraction pattern
with a very intense continuous background with
only the principal lines of metallic iron visible.

We could not detect free lime (the ratio excess

A/C4AF= l/3 permits acceptance of the hypothesis
of formation of C3A and Fe as end products of

reduction)

.

Oxidation of the reduced composition in air

yielded a regular curve (fig. 6, solid line). In a
CO2 atmosphere the curve presents a hook indi-

cating a loss at the same temperature as at the

end of the first reducing reaction (dashed curve,

fig. 6). Whatever the cause of this hook- (action

of iron oxide on CaCOs formed during the reaction,

disturbance of oxidation-reduction equilibria

between the different iron oxides formed), it

reveals the complexity of the system which does
not smoothly attain its equilibrium as in the case

of C4AF.
Let us also mention that a comparison of the

numerical values of the reduction and oxidation
of the same reduced composition with the theo-
retical value derived from chemical analysis
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Figure 6. Thermogravimetric analysis of reduced CiK\,zzP

.

Oxidation in oxygen and in carbon dioxide. Heating rate 300 °C per hr.

permits us to determine the losses of oxygen
undergone by the composition during treatment
at high temperatui-e or, conversely, the formation
of higher oxides during oxidation.

In summary, the action of hydrogen on some
compositions in the two systems Fe203-CaO
and Al203-Fe203-CaO suggests a classification of

these compounds according to ease of reduction.

This reactivity gives an indication—which could
be a function of possible disturbances of equilib-

rium due to reduction—of the strength of the
bonds between Fe and O in the composition under
study. In the case of a pronounced difference

the thermogram permits us to evaluate the
relative amounts of the different forms present.

We have thus revealed the stability of a compound
corresponding to the formula C4AF and the effect

of an addition of AI2O3 to this compound. The
oxidation curves in air or, even better, in CO2
may permit us to state precisely the nature of

the system under study. An examination of the
products of the reduction yields interesting

indications of the structure of the compound
under study.
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SESSION III. CHEMISTRY OF HYDRATION OF CEMENT
COMPOUNDS

Paper III-l. The Hydration of Tricalcium Silicate and /3-Dicalcium

Silicate at Room Temperature*

Stephen Brunauer and S. A. Greenberg

Synopsis

In the room temperature hydration of C3S and 18-C2S, the hydration products are a
calcium sihcate hydrate and calcium hydroxide. Some of the properties of C3S, C2S, Ca(0H)2
and the aqueous phase are presented, and the chemical and physical properties of the calcium
silicate hydrate are discussed in considerable detail. This hydrate is a member of a series

of hydrates, called tobermorites. The properties of other tobermorites are discussed in

relation to those of the tobermorites produced in the hydration of C3S and 0-C2S.
Data are given on the heats of hydration of C3S and C2S, and estimates are made of

the entropies and free energies of hydration. Finally, the rates and mechanisms of hydration
are discussed.

Resume
Dans I'hydratation de C3S et 18-C2S k la temperature du laboratoire, on obtient comme

produits d'hydratation un hydrate de silicate de calcium et I'hydroxyde de calcium. L'expos^
presente certaines propri^t^s de C3S, C2S, Ca(0H)2, et la phase aqueuse, et discute de fagon
bien detaillee les propri6t6s chimiques et physiques de I'hydrate du silicate de calcium. Get
hydrate est membre d'une serie d'hydrates, appeles tobermorites. Les propri^tes d'autres
tobermorites sont discut^es par rapport k celles des tobermorites produits dans I'hydratation
de C3S et /3-C2S.

Des rfeultats sont donnfe quant aux chaleurs d'hydratation de C3S et de C2S, et revalu-
ation des entropies et des energies libres d'hydration est faite. Enfin, les taux et m^canis-
mes d'hydratation sont discutfe.

Zusammenfassung
Bei der Hydratation des C3S und des 13-C2S bei Zimmertemperatur sind die Hydrata-

tionsprodukte Kalziumsilikathydrat und Kalziumhydroxyd. Einige Eigenschaften des
C3S, des C2S, des Ca(0H)2 und derwafirigen Phase werden besprochen, und die chemischen
und physikalischen Eigenschaften des Kalziumsilikathydrates werden ganz ausfiihrlich

dargelegt. Dieses Hydrat ist nur eines einer Hydratreihe, die alle mit dem Namen Tober-
morit bezeichnet werden. Die Eigenschaften der anderen Tobermorite werden in ihrer
Beziehung zu den Tobermoriten, die bei der Hydratation des C3S und des /3-C2S entstehen,
diskutiert.

Die Werte der Hydratationswarmen des C3S und des C2S werden angegeben, und die
Entropien und die freien Hydratationsenergien werden abgeschatzt. Schliesslich werden
die Hydratationsgeschwindigkeiten und -mechanismen besprochen.

In a discussion of the hydration of calcium
silicates, it is customary to start by pointing out
that tricalcium sihcate and jS-dicalcium silicate

together constitute about 75 percent of a portland
cement. To be sure, the reaction is vitally im-
portant, because the most important constitu-
ent of hydrated portland cement is a calcium sili-

cate hydrate, and the most important constituent
of concrete and mortar is hydrated portland ce-
ment. The present authors would like to point
out that the hydration of calcium silicates is not
only an important reaction but a fascinating one,
as well. It is not a simple reaction, as will be

Some Properties of the

1. The preparation of tricalcium silicate and
/3-dicalcium silicate was described by a number of
early investigators; among them are Lerch and

'Fourth International Symposium on the Chemistry of Cement, Wash-
"t" V 1960. Contribution from the Research and Development
Laboratories of the Portland Cement Association, Skokie, Illinois.

seen, nor is it hopelessly complicated—but it is

complicated enough to be interesting and
challenging.

In every chemical reaction, the investigator is

interested in three things: changes in matter,

changes in energy, and the rate of change. In the

present paper, tlie authors will attempt to report

the status of the knowledge of these three aspects

of the chemical reactions under consideration, as

they see it. Before doing so, however, it seems

appropriate to describe some of the pertinent

properties of j8-C2S and C3S.

Two Calcium Silicates

Bogue [1].' Most of the other investigators used
slight modifications of this method. The modifi-

cations used in tliis laboratory are. described in the

literature, ref. [2, 3].

1 Figures in brackets indicate the literature references at the end of this

paper.
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2. The crystal structure of /3-C2S, together with
the structures of the three other modifications of

C2S, was described by Nurse [4]. The structure
of /S-CaS was determined by Mrs. Midgley [5].

The unit cell is monoclinic, with a=5.48, 6= 6.76,

c= 9.28, and the angle is 94°33'. Mrs. Midgley
states that very slight modifications to the /3

structure produce an orthorhombic cell, and
somewhat larger distortions and rearrangements
produce a trigonal cell.

The unit cell contains four molecules. There
are four Si04 tetrahedra in the cell, not linked
with each other; in other words, /3-Ca2Si04 is an
orthosilicate. Four of the eight Ca+"'" ions in the

cell are alternately above and below the Si04
tetrahedra (Ca I) , and the other four are in holes

between the tetrahedra (Ca II). Nurse states,

"Formally the co-ordination number of Ca I is six

and of Ca II is eight, but the existence of holes

fronting on the Ca ions means that the co-ordina-
tion is irregular and that O ions at distances

greater than normal Ca-0 bond lengths must also

be considered as contributing to the co-ordination."
The specific gravity of /3-C2S is 3.28. 13-C2S

occurs in nature as the mineral larnite.

The C3S found in portland cement contains
small amounts of AI2O3 and MgO as necessaiy
constituents of its structure. This phase is called

alite, and its crystal structure has been worked
out by Jeffery [6]. The unit cell of alite is mono-
clinic, with a=33.08, 6= 7.07, c= 18.56, and the
angle is 94°20'. The cell contains 36 molecules of

C3S, in which four Si^"*" ions are replaced by four
AF"*" ions, and two Mg++ ions are located in holes

to balance the charges. Thus, the chemical for-

mula is C54Si6AM.
The unit cell of C3S itself is triclinic, and the

crystal structure has not been worked out fully.

The pseudostructure has the formula Ca30(Si04).
Bernal, Jeffery, and Taylor [7] state, "Each cal-

cium ion is surrounded by six oxygens, arranged in

such a way that the centres of five of them are in

one hemisphere, with only one atom closing the
gap on the other side. Large holes, equal in size

and number to those occupied by the calcium ions,

occur adjacent to the loosely coordinated sides of

the calcium ions. The oxygen ions attached to

silicon are each 3-coordinated on the other side by
calcium ions, and those not attached to silicon are
octahedrally coordinated by calcium."
The specific gravity of C3S is 3.15. C3S does

not occur in nature.

3. The fact that /3-C2S occurs in nature, whereas
C3S does not, indicates greater stability of the for-

mer. This is borne out also by thermodynamic
considerations.

Johannson and Thorvaldson [8] determined the
heat of formation of C3S from j8-C2S and CaO, and
they found that the reaction was endothermic to

the extent of 470 cal/mole at 20 °C. King [9] re-

determined the same quantity and found a value
of 3200 cal/mole at 25 °C. Brunauer, Kantro,
and Weise [3] used a theoretically more correct
calorimetric procedure and they corrected for im-
purities. Their value was 2100 cal/mole at 23 °C.
Todd [10] determined the low temperature heat

capacities and the entropies at 25 °C for C3S
and (3-C2S. He obtained AS values of 1.5 and
1.8 e.u. for the formations from the oxides of

C2S and C3S, respectively. These figures, com-
bined with the AH value of Brunauer, Kantro,
and Weise, lead to a AF of +2000 cal/mole for

the conversion of 13-C2S and CaO to C3S. Thus,
C3S is thermodynamically unstable with respect
to /3-C2S and CaO.

Actually, C3S is far more reactive than /S-CoS.

Bernal, Jeffer}'', and Taylor [7] point out that,

"The alkaline character of C3S, together with the
high lattice energy associated with a distorted

Ca coordination, and possibly also the presence
of "holes" in the structure, give the compound
a high solubility and reactivity towards water."
The authors mean "high energy lattice" instead
of "high lattice energy". The term "lattice

energy" is usually defined as the energy released
when gaseous ions react to form a lattice; conse-
quently, high lattice energy implies great stability.

The lattice energies of C3S and were
calculated in this laboratory. The reactions are

3Ca++(g)+Si04^-(g) +0-(g) = Ca3Si05(c) (1)

2Ca++ (g)+ Si04*- (g) = Ca2Si04 (c) (2)

and the lattice energies are Uc3s=— 2570 kcal

and Uc2s= — 1728 kcal. The lattice energy of

CaO, Ucao, is reported to be —842 kcal [11].

The difl^erence Uc3s-Uc2s-Ucao= -2570+ 1728

+ 842= 0. Actually, this should be equal to the

heat of formation of C3S from C2S and CaO,
which is 2 kcal. The error in Ucjs and Ucjs may
be 20 or even 200 kcal, but most of the error can-
cels on subtraction. Even so, the agreement is

surprisingly close.

Stoichiometry of the Hydration of C3S
A mixture of portland cement, C3S, or C2S with

a limited amount of water is called a "paste".
If the initially plastic paste is allowed to stand, in

a few hours it "sets", then continues to harden
for months, or possibly even for years. This type
of hydration is called paste hydration. It attempts
to simulate the hydration of portland cement,
C3S, and C2S in concrete and mortar.

Brunauer, Copeland, and Bragg hydrated C3S
in two ways: in paste form, using a water/C3S
weight ratio of 0.7 [12], and in a small steel ball

mill, using a water/C3S weight ratio of 9.0 [13].

Brunauer, Kantro, and Copeland [14] further

investigated the paste hydration of C3S, and they
also studied a third method of hydration. In this,

a water/CsS weight ratio of 9.0 was used, and the

reaction was carried out in a polyethylene bottle

rotated on a wheel at 30 rpm. Kantro, Brunauer,
and Weise [15] reported further work on the ball-

mill hydration of CoS. All these reactions took

place in a controlled temperature room, at

24 ±1 °C.
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At complete hydration of C3S, the stoichiometry
of each of the three hydration reactions was
represented by the equation :

2Ca3Si05+ 6H2O= Ca3Si207-3H20+ 3Ca(OH)2. (3)

Nevertheless, the three reactions were not identi-

cal. The ball-mill hydration produced a calcium
sUicate hydrate that was identical in crystal

structure with the natural mineral afwillite. The
paste hydration, as well as the hydration in the
rotating bottle, gave a calcium silicate hydrate
related to the natural mineral tobermorite.

The paste and the bottle hydration, which gave
similar hydration products, wUl be discussed first,

the ball-mill hydration later.

Calcium Hydroxide and the Molar CaO/Si02
Ratio in the Hydrate

1. The amount of calcium hydroxide was
determined hy X-ray quantitative analysis, using
the method of Copeland and Bragg [16]. In almost
every instance, the amount determined was
smaller than that indicated by eq (3). It would
have been a simple matter to assign the missing
lime to the calcium silicate hydrate. In that case

the molar CaO/Si02 ratio in the tobermorite-like

hydrate would not be 1.5, as shown in the equa-
tion, but a variable amount, ranging from 1.52

to 1.75. However, certain lime extraction experi-

ments indicated that this was not the correct
explanation.
Franke [17] proposed a method for the determi-

nation of uncombined CaO and Ca(0H)2 in

hydrated and unhydrated calcium silicates and
Portland cements. A solvent mixture, consisting

of acetoacetic ester and isobutyl alcohol, was
refluxed with the sample, and, according to

Franke, a single extraction removed all the free

lime. The experience of Pressler, Brunauer, and
Kantro [18] was that a single extraction did not
come even close to removing all of the free Ca-
(0H)2 from hydrated calcium silicates and port-
land cements. Variation of the ratio of aceto-
acetic ester to isobutyl alcohol or the time of

refluxing did not solve the problem. However,
by repeated Franke extractions on the same
sample, the free Ca(0H)2 could be determined
with good accuracy. In these extractions a
small part of the lime was removed from the
calcium silicate hydrate, but the rate of removal
of this lime was only about one-fiftieth of the
rate of removal of calcium hydroxide. On this

basis, a correction could be made for the lime
removed from the calcium silicate hydrate. The
multiple extraction method (M.E.M.) led to a
CaO/Si02 ratio of 1.51 in the hydrate, which is

the same as that shown in eq (3), within experi-

mental error.

Later, Pressler, Brunauer, Kantro, and Weise
[19] developed another modification of the Franke
method for the determination of free Ca(0H)2.
In this, aliquot samples of the same material
were treated with varying amounts of Franke
solvent. In the solvent variation method

(S.V.M.), again some lime was removed from
the hydrate, but again a correction could be
made for this. The two different methods led

to the same results. The theoretical bases of the

methods and the corrections are discussed in the

papers [18, 19].

2. Brunauer, Kantro, and Copeland [14] found
that the "missing lime", i.e., the difference be-

tween the stoichiometric quantity of Ca(0H)2
indicated by eq (3) and the Ca(0H)2 determined
by X-ray quantitative analysis, was more easily

extractable than the rest of the Ca(0H)2. By
the time half of the Ca(0H)2 was extracted, all

the missing lime was removed from the system,
and X-ray analysis for Ca(0H)2, combined with
chemical analysis, indicated a molar CaO/Si02
ratio of 1.5 in the calcium silicate hydrate.

In spite of the easy extractability of missing
lime, it may be argued that the tobermorite-like

calcium silicate hydrate does contain this lime
in a very loosely bound form. Several investi-

gators, among them Kalousek and Prebus [20],

reported the loosely bound lime as a part of the

tobermorite-like structure. However, there are

two types of experiments which point very
strongly in the other direction.

It was stated earlier that the stoichiometry of

the ball-mill hydration of C3S was also represented

by eq (3), but the calcium silicate hydrate was
afwillite. In this case, X-ray quantitative analy-

sis again gave Ca(0H)2 values lower than that

required by the equation. The missing lime was
variable in amount, just as in paste and in bottle

hydration, and the range of variation was also

the same. There is no possibility here to ascribe

the missing lime to the calcium silicate hydrate.

Afwillite has a definite composition of CasSijOy-

3H2O. The conclusion here is inevitable that the

missing lime is Ca(0H)2 in a noncrystalline form

[15].

The second line of evidence is more direct.

In the paste hydration of 13-C2S, as well as in

the paste hydration of portland cements high in

C2S, at room temperature, tobermorite-like hy-
drates were obtained with molar CaO/Si02
ratios ranging up to 1.75. In the paste hvdration

of C3S, at 50° and 80 °C, the molar CaO/Si02
ratios in the hydrate were 1.57 and 1.61, respec-

tively. These results, as well as others, are

shown in table 1. Henceforth, in this paper the

tobermorite-like hydratfes with CaO/Si02 ratios

greater than 1.5 will be called high-lime tober-

morites. In these high-lime tobermorites, the

CaO in excess of the ratio 1.5 was just as firmly

bound as the CaO below the ratio 1.5. It ap-

pears, therefore, that the missing lime is not a

loosely bound part of a high-lime tobermorite,

but Ca(0H)2. Because it is not detected by
X-rays, it must be noncrystalline.

3. Initially, it was thought that the missing

lime was adsorbed on the surface of the calcium

silicate hydrate [12]. This tobermorite-like hy-

drate has a very large specific surface area, able
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to accommodate the missing lime. Nevertheless,

later work [14] indicated that the adsorption of

lime on the hydrate surface was small, probably
because in the competition between Ca(0H)2
and water for the surface, the latter is adsorbed
preferentially. Kalousek and Prebus [20], in

more quantitative experiments, also found that
the adsorption of Ca(0H)2 on tobermorite-like

hydrates was small. Indirect evidence for the
small adsorption of Ca(0H)2 can be found in

earlier work. Bessey [21], Taylor [22], and
Greenberg [23] found that the CaO/Si02 ratio

in tobermorite-like hydrates, prepared by the
reaction of Ca(0H)2 and silica, at or near lime
saturation, was 1.5, within their experimental
error. Although Greenberg alone measured
surface areas, unquestionably, all three investi-

gators obtained hydrates with large specific sur-

face areas and, in all probability, the surface

areas were different. Had the adsorption of

Ca(0H)2 been significant, the apparent CaO/Si02
ratios would have been variable and probably
all greater than 1.5.

The only alternative that remained was to

assume that the missing lime was amorphous
calcium hydroxide [14]. The idea was not new.
Heller and Taylor [24] found evidence of amor-
phous or poorly crystallized Ca(0H)2 in the
products of the reaction between Ca(0H)2 and
silica gel at 110 °C and higher. Grudemo sug-

gested that a little dissolved silica may have
entered the lattice of some of the Ca(0H)2,
disturbing or destroying the lattice.

Takashima [25] published a paper recently on
amorphous calcium hydroxide. He prepared
Ca(0H)2 by the reaction of water with CaO; then
he determined the total Ca(0H)2 by one of the
standard extraction methods and the crystalline

Ca(0H)2 by X-ray analysis. He found consid-

erable differences between the two, depending on
the kind of CaO used and on the temperature of

slaking. The amount of crystalline Ca(0H)2
ranged from 31 to 100 percent of the total. He
attributed the difference to amorphous Ca(0H)2.
He also found that amorphous Ca(0H)2 reacted
with methanol, whereas crystalline Ca(0H)2 did
not. It is interesting to note the similarity of

approach and results between Takashima 's ex-
periments and those performed in this laboratory.
Neither side knew about the experiments of the
other.

4. The conclusion from the above considera-
tions is that eq (3) represents the stoichiometry
of the hydration of C3S at room temperature cor-
rectly, at least as far as the calcium hydroxide
content and the molar CaO/SiOa ratio in the
tobermorite-like hydrate are concerned. The
same conclusion was reached by Graham, Spinks,
and Thorvaldson [26] by a very different approach.
They used C3S labelled with radioactive Ca^^ and
made it react with unlabelled saturated Ca(0H)2
solutions. The rate of liberation of lime due to
hydration and the rate of appearance of Ca*^ in

the solution indicated that the CaO/Si02 ratio in

the calcium silicate hydrate was 1.5. A similar

result was obtained when inactive C3S was
hydrated with active Ca(0H)2 solutions.

A different conclusion was reached by van
Bemst [27, 28], who reported that the calcium
silicate hydrate produced in the hydration of

C3S had a variable CaO/Si02 ratio, ranging up
to 2.0. He determined the Ca(0H)2 released in

the hydration by thermogravimetric analysis, but
there is evidence that such a determination fails

to account for the amorphous Ca(0H)2. It was
stated earlier that in the ball-mill hydration of

C3S the calcium silicate hydrate produced was
afwillite, and the presence of noncrystalline

Ca(0H)2 was unquestionable. Greenberg an-
alyzed the hydration products thermogravimetri-
cally for Ca(0H)2 and the analysis checked the
X-ray analysis with remarkable accuracy. Thus,
crystalline and amorphous Ca(0H)2 appear to

decompose in different temperature ranges.

Van Bemst [28] extracted the Ca(0H)2 from a
sample of C3S hydrated at 60 °C. The maximum
CaO/Si02 ratio that he reported for the extracted
sample was 1.72. It was stated earlier that hydra-
tion of C3S at higher temperatures leads to higher-
lime tobermorites. In one preparation, a CaO/
Si02 ratio of 1.63 was obtained at 80 °C in this

laboratory (table 1). The error in this value and
in van Bemst 's value make the results not neces-
sarily inconsistent.

5. In table 1, C-17 and C-18 represent a C3S
paste, 17-months old, dried under two different

conditions. The paste contained no unhydrated
C3S. The molar CaO/Si02 ratio was determined
for each, and the values 1.54 and 1.50 show the
size of the maximum error in these determinations.

In a similar manner, C-52 and C-53 represent

another paste, 5-yr old, dried under the two
different conditions. The ratios were 1.51 and
1.51. The average of the first two is 1.52, the

average of the last two is 1.51. The excess over
1.50 may be experimental error, it may be a little

adsorbed Ca(0H)2, or it may be that the stoi-

chiometry is not rigidly correct. Since one deals

here with colloidal systems, as will be discussed

later, such lack of accurate stoichiometry would
not be surprising.

The four other C3S pastes in table 1 indicate that

the CaO/Si02 ratio increases slightly with in-

creasing temperature of hydration.

Water of Hydration in the Hydrate

The water content of the calcium silicate hydrate

depends on the drying conditions employed.
Different investigators used different drying

methods and reported different water contents.

The tobermorite-like hydrate has a very large

specific surface area, of the order of 300 m^/g.

The surface is hydrophilic; the ions in the surface

adsorb water readily. The water contents reported

by most investigators consisted both of adsorbed

water and of water of hydration, i.e., water which

is part of the calcium silicate hydrate structure.
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A complete physical separation of the two types
of water is impossible. The hydrate is a colloid

and, like other colloidal hydrates, it loses water
from its structure continuously when equilibrated

at lower and lower vapor pressures of water. The
free energy of binding of the adsorbed water to

the surface is variable, as in most adsorbent-
adsorbate systems. Although the average free

energy of binding of the combined water in the
structure is greater than the average free energy
of binding of the adsorbed water to the surface,

the most firmly bound adsorbed water is held more
strongly than the most loosely bound combined
water. As a result, at lower vapor pressures some
of the combined water is removed, while some of

the adsorbed water is held by the hydrate.
When the products of the room temperature

hydration of C3S were dried at a water vapor
pressure of 5X10~* mm of mercury, which is the
vapor pressure of ice at —78 °C, the molar H2O/
Si02 ratio in the tobermorite-like hydrate was
always slightly greater than 1.0, averaging about
1.06 [14]. It is probable that part of the water in

excess of 1.0 was adsorbed water. This method of

drying will be referred to as -drying, or dry-ice

drying.

When the hydration products were dried at a
water vapor pressure of 8X10"^ mm, which is

the equilibrium pressure of Mg(C104)2-2H20 and
Mg(C104)2-4H20, the HzO/SiOa ratio in the hydrate
was 1.40 [14]. This would correspond to a tober-

morite of formula Ca3Si2O7-2.80H2O. However,
adsorption experiments showed that about 0.30

mole of water was adsorbed on the surface; thus,

the corrected formula was Ca3Si207-2.5H20. This
method of drying will be referred to as (P) -drying,

or perchlorate drying.

It is obvious that at higher vapor pressures the
tobermorite would contain more combined water
and more adsorbed water. Such experiments
were not performed to date, so the number of

molecules of combined water in the hydrate at
saturation pressure, or in liquid water, is somewhat
conjectural. Bernal [29] proposed the structural

formula Ca2[Si02(OH)2]2[Ca(OH)2], indicating
three molecules of water in a molecule of tober-
morite, and experiments performed in this labora-
tory are consistent with his view.-

Stoichiometry of the Hydration of 1S-C2S

1 . When 18-C2S was hydrated at room tempera-
ture in a small steel ball-mill, with a water/C2S
weight ratio of 9.0, at complete hydration the
stoichiometry was represented by the equation

2Ca2Si04+4H20=Ca3Si207-3H20+Ca(OH)2. (4)

The calcium silicate hydrate was identical with
the tobermorite obtained in the paste hydration or
bottle hydration of C3S [14], discussed earlier.

When C2S was hydi'ated at room temperatiu-e
in a rotating polyethylene bottle, with a water/
C2S weight ratio of 9.0, in 162 days the products
still contained 27.5 percent unhydrated C2S, as

determined by X-ray analysis (D-40 in table 1).

The tobermorite had a molar CaO/Si02 ratio of

1.54, which is, within the experimental error, the
same as that shown in eq (4). However, longer
hydration at room temperature resulted in tober-

morites of higher CaO/Si02 ratios (D-55, 56 and 69

Table 1. Compositions of hydrated C3S and C2S preparations

6 7 8 9 10 11 12

Type of Minor Unhy- Composition
drying Ca(OH)2 CaCOs constit- drated CSH of CSH

uents material

% % % % %
Cl.S4SHl.(l7D 11.2 0.8 1.6 27.5 58.9

D 7.6 1.4 1.5 7.1 82.4 C1.73SH1.39

P 7.8 0.9 1.5 6.9 83 0 Ci.73SHi.n
D 8.9 1.3 1. 5 0.0 88.3 C1.73SH1 37

D 9.1 0.5 1.6 27.5 61.3 C1.65SH1.15

P 9.0 .6 1.6 27.0 61.8 C1.65SH1.il

D 11.1 .9 1.6 12.9 73.4 C1.63SH1.09

D 5.3 2.0 1.6 32.0 59.2 C1.73SH1.19

P 6.2 1.6 1.6 31.5 59.1 Ci.7oSHi.«

D 5.3 0.9 1.6 27.8 64.4 C1.75SH1.29

P 5.8 .7 1.6 27.2 64.8 Cl.7lSHl.59

D 38.5 .7 0.7 0.0 60.2 C1.54SH1.10

P 38.6 .9 .6 .0 59.8 Cl.5oSHl.39

D 38.8 1.2 .7 .0 59.3 Cl.5lSHl,09

P 38.3 .8 .6 .0 60.3 Cl.5lSHl.16

D 36.8 .8 .7 .0 61.8 Cl.58SHl.l3

P 36.0 .9 .6 .0 62.5 C1.57SH1.16

D 30.5 .5 .7
^
13.5 54.8 C1.63SH1.29

P 31.1 .4 .7 13.2 54.6 C1.59SH1.61

Preparation
Type of hy-

dration Material Age Temp.

D^O
D-55
D-56
D-69

C-23.
C-24.
C-51.

C-29.

C-30.

C-57.

C-58.

C-17.
C-18.
C-52.
C-53.

C-27.

C-28.

C-55.

C-56.

Bottle
Bottle
Bottle
Bottle

Paste

-

Paste -

Paste

-

Paste-

Paste,

Paste

-

Paste_

Paste ^

Paste

.

Paste-
Paste-

Paste.

Paste -

Paste-

Paste-

C2S
C2S
C2S
C2S

C2S
C2S
C2S

C2S

C2S

C2S

C2S

CsS
C3S
CjS
C3S

C3S

C3S

C3S

C3S

162 d
265 d
265 d
778 d

17 m.
17 m.
iH y
12 m..
mm.
12 m..
119 m.
2 m..
5 y-.
/2 m..
15 y...

17 m.
17 m.
6y__.
5y...

/2 m..
119 m.

/2 m..
119 m.
2 m..
5 y...
12 m..
15 y...

°C
25
25
25

25

25
25
25
50
25
50
25

25

25
25
25
25
50
25

50
25
80
25
80
25

139



in table 1). The ratio was 1.73 after 265 days,
and it was the same after 778 days. These ratios

are based on determination of Ca(0H)2 by the two
modifications of the Franke method, S.V.M. and
M.E.M., discussed earlier. X-ray analysis always
gave lower results for Ca(0H)2 than Franke ex-

tractions, which indicates the presence of amor-
phous lime.

When C2S was hydrated at room temperature
in the paste form, with a water/CaS weight ratio

of 0.7, complete hydration was not obtained even
in 4:}i years. The CaO/Si02 ratio was 1.65 after

17 months (C-23 and 24), when the paste contained
27.5 percent unhydrated C2S, and it was 1.63

after 4)^ years (C-51), when the paste contained
12.9 percent unhydrated C2S. These ratios are
the same within experimental error. At higher
temperatures, higher ratios were obtained, 1.72

at 50 °C (C-29 and 30) and 1.75 at 80 °C (C-57
and 58).

Funk [30], in the paste hydration of C2S, with a

water/C2S ratio of 0.5, reported molar CaO/Si02
ratios averaging 1.77 at 50 °C, 1.88 at 100 °C, and
1.84 at 120 °C. He used a modification of the
Franke method for the determination of Ca(0H)2,
which involved only a single extraction. The
present authors wonder whether the Ca(0H)2
was completely removed. Funk stated that the
extraction results agreed with X-ray results. If

there was amorphous Ca(0H)2 in the hydration
products, which seems likely, the X-ray results

Tobermorite

When calcium hydroxide reacts with silica in

water at room temperature, a calcium silicate

hydrate of variable CaO/Si02 ratio is formed.
The ratio, which depends on the concentration of

lime in the solution, ranges from about 0.8 to 1.5.

The same hydrates may be formed by other reac-

tions, such as the reaction of calcium nitrate and
sodium silicate, the hydration of C3S or C2S in

large excess of water [22], and the reaction of

ethyl orthosilicate with calcium hydroxide [32].

The hydrate system was studied by many in-

vestigators. Steinour [33], in an excellent review
paper, reported the results of sixteen investiga-

tions. Although there is a vague general agree-

ment between most of these results, they differ

considerably in detaU. The differences were
probably caused, at least in part, by lack of ade-
quate experimental techniques and lack of com-
plete equilibration. However, probably there
was a more subtle reason also, which will be
discussed later.

The authors of this paper do not intend to

present a full-scale discussion of the tobermorite-
like hydrates. Nevertheless, a discussion of

certain aspects of the system seems desirable in

order to show how the tobermorites obtained in

the hydration of C3S and C2S fit into the family
of tobermorites.

Since the appearance of the above paper of

Steinour, other investigations were published, by

were also too low. It would be of interest to

determine the Ca(0H)2 in Funk's preparations

by S.V.M. or M.E.M.
The reason for questioning Funk's ratios is

found in a hypothesis of Taylor and Howison [31],

which puts the upper limit of the ratios at 1.75.

This hypothesis wUl be discussed in detaU later.

For all that. Funk's results may be entirely cor-

rect, and the reason for the small differences

between his results and those obtained in this

laboratory may possibly be found in the different

water/C2S ratios used.

2. The H20/Si02 ratio of the tobermorite of

CaO/Si02 ratio 1.5, when subjected to (Z))-drying,

is close to 1.0, though usually somewhat higher.

This is true whether the tobermorite comes from
hydrated C3S or C2S.

For high-lime tobermorites, obtained in paste

hydration and subjected to (Z>) -drying, the in-

crease in CaO/Si02 ratio results in a corresponding
increase in H20/Si02 ratio, i.e., adding a molecule
of lime appears to be accompanied by the addition

of a molecule of water. This is seen in table 1,

column 12. For the eight (Z>) -dried pastes, four

C3S and four C2S, the average excess of CaO over
1.5 was 0.13, and the average excess of water over
1.0 was 0.17. Funk [30] obtained similar results.

He dried his hydrated C2S preparations over
P2O5 at 20 °G to constant weight. For 13 pastes,

prepared at 50, 100, and 120 °C, the average of

the excess for CaO was 0.33, and for H2O, 0.36.

Like Hydrates

Taylor [22], by Kalousek [34] and by Grudemo
[32]. The results of the first two are reproduced
in figure 1. Again, there is a broad general

agreement, but a disagreement in detail [35].

Taylor called the hydrate, ranging in CaO/Si02
ratio up to 1.5, calcium silicate hydrate (I) or

CSH(I). It will be noted in figure 1 that the

CaO/Si02 ratio in the hydrate rises sharply at

lime saturation. Taylor called this high-lime

hydrate calcium silicate hydrate (II) or C2SH(II).
Claringbull and Hey [36] pointed out the simi-

larity between Taylor's CSH(I) and the natural
mineral tobermorite. There is no general agree-

ment on nomenclature of calcium silicate hydrates
as yet; some call the synthetic hydrates CSH(I)
or hydrate I, others call them tobermorite minerals,

tobermorite-like hydrates or simply tobermorites.

The hydrates with CaO/Si02 ratios greater than
1.5 are called C2SH(II), hydrate II, or high-hme
tobermorites.

The most important difference between the

curves of Taylor and Kalousek, from the point of

view of the present discussion, is the difference

in the vicinity of lime saturation. From a calcium
ion concentration of about 11 millimoles per liter

to lime saturation, Kalousek drew a flat curve,

as shown in figure 1, corresponding to a CaO/Si02
ratio 1.33. Between a concentration of 15

millimoles per liter and lime saturation, Kalousek
had three points on this curve and six points above
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it. Taylor, on the other hand, obtained a con-

tinuous rise in CaO/Si02 ratio, reaching 1.5 at

lime saturation. Grudemo [32], in one series of

experiments, reached a maximum CaO/Si02 ratio

of 1.45, in another, 1.56. Earlier work of Bessey
[21] is in agreement with Taylor's curve, as well

as later work of Greenberg [23], and as yet un-
published work performed in this laboratory.

Investigators for a long time debated the ques-
tion whether the lime in excess of a CaO/Si02 ratio

of 0.8 should be regarded as adsorbed or whether
it is in solid solution. More recently, Brunauer,
Copeland, and Bragg [12] pointed out that the
extra lime cannot be regarded as physically ad-
sorbed, and Taylor and Howison [31] advanced
argimients for the extra lime being part of the
crystal structure. Thus, the extra lime appears
to be in solid solution—though it is a special type
of solid solution, as will be seen later.

The high-lime end member of the tobermorite
solid solution series, at lime saturation, has a
CaO/Si02 ratio of 1.5, as Taylor's curve shows in

figure 1 . Beyond this point, one obtains the high-
lime tobermorites, ranging in ratio up to 1.75,

possibly higher. Kalousek and Prebus [20] con-
tend that the tobermorite of ratio 1.5 should be
regarded as the low-lime end member of the high-
hme tobermorite series. There is considerable
justification for this. The tobermorite obtained
in the hydration of C3S or C2S, having a CaO/Si02
ratio of 1.5, resembles a high-lime tobermorite
far more than the low-lime tobermorites. There
seems to be a drastic change in morphology, in

degree of crystallinity, as well as in other proper-
ties of the hydrate in the vicinity of lime satura-
tion. This will be discussed later.

Crystal Structures and Densities of
Tobermorites

1. The tobermorites are layer crystals. Their
similarity to the clay minerals was pointed out
by Taylor [22], to vermiculite by McConnell [37],
and to montmorUlonite by Grudemo [38].

The formula of the natural mineral tobermorite,
found in Northern Ireland, is probably
Ca4(Si60i8H2)-Ca-4H20. Its crystal structure was
determined by Megaw and Kelsey [39], who found
that the layers were actually triple sheets, with
some similarities to vermicidite. Taylor and
Howison [31] describe the structure as follows.

"The central part of each layer, equivalent to

the octahedral layer in a clay mineral, could be
described as a distorted calcium hydroxide sheet
divested of all its hydrogen atoms. This sheet is

flanked on both sides by parallel rows of wol-
lastonite-type chains, which are kinked in a plane
perpendicular to that of the sheets. Only two-
thirds of the tetrahedra in each chain are linked
directly to the central Ca02 sheet by sharing of

oxygen atoms. The other third, which are held
away from the Ca02 sheet, will be called "bridg-
ing" tetrahedra. The composite 2:1 sheets so far

described have the composition Ca4Si60i8. Be-
tween them are the remaining or interlayer cal-

cium atoms, and water molecules. The distribu-

tion of the hydrogen is uncertain. There may be
more SiOH than is implied by the formula
Ca4(Si60i8H2)-Ca-4H20, with corresponding re-

placement of interlayer water by hydroxyl.
"To a good approximation, tolDermorite from the

above localities is orthorhombic with a— 11.23,

6— 7.37, c— 22.6 A, Z= 4. The crystals are laths

with length b (parallel to the chains) and cleavage

(001) (the plane of the layers); a and b are both
strongly pseudo-halved, and for many pm'poses a

pseudo-cell with Z= l may be used. This pseudo-

cell is body centered. The longest observed basal

spacing is therefore 002 (rf=11.3 A), and corre-

sponds to the thiclmess of a single 2:1 layer."

The CaO/Si02 ratio in the natural mineral is

0.83. In artificially prepared tobermorites, the

ratio ranges up to 1.75, possibly higher. Through-
out this wide variation in composition, such prop-

erties as density, index of refraction and X-ray
diffraction pattern remain remarkably constant.
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2. Taylor and Howison [31] measured the
densities of tobermorites ranging in CaO/Si02 ratio

from 0.81 to 1.50, and found no systematic trend
to increase with the ratio. All of their density
values were too low, as they themselves realized.

They attributed the low densities to lack of com-
plete penetration of the pore system by the liquid

used for the measurements. This is doubtless
correct, but there was another reason, too. Since
their specimens were dried at a water vapor pres-
sure of 6 mm, all of them contained adsorbed
water. For example, the samples dried at 108 °C
and 6 mm pressure probably had about half of
their surface covered with adsorbed water. This
is a considerable amount of water, because the
specific surface of tobermorite is very large.

Taylor and Howison, nevertheless, believed
that their conclusions as to the approximate con-
stancy of the density was correct, and work in this

laboratory confirms their conclusion [14]. The
average density of five tobermorite preparations,
having CaO/SiOj ratios of 1.50 and HaO/SiOa
ratios of 1.00, was 2.85 ±0.02 g/cc. These were
hydrated C3S and C2S preparations, dried at a
water vapor pressure of 5X10~* mm (D-drying).
A tobermorite in a paste hydrated CoS prepara-
tion, similarly dried, had a CaO/SiOa ratio of 1.65
and an H20/Si02 ratio of 1.15; its density was
2.85 g/cc. It is obvious that if in a given sized
pseudo-cell molecules having compositions of
3CaO-2Si02-2H20 are replaced by an equal num-
ber of molecules of composition 3.30CaO-2SiO2-
2.3OH2O, the density must go up markedly. As
the example shows, such molecule for molecule
substitution does not happen.
The a and h dimensions of the pseudo-cell show

a very slight shrinkage with decreasing water
content [22]; but the change is so slight that for

most purposes these dimensions can be considered
constant. The c dimension, i.e., the distance
between layers, shows a considerable variation,
which will be discussed later. However, this alone
cannot account for the constant density.

3. An ingenious hypothesis for the explanation
of the constancy of density was advanced by
Taylor and Howison. They suggest that as the
CaO/Si02 ratio increases, calcium replaces silicon

in the lattice. The "bridging" Si04 tetrahedra,
which are not attached to the central Ca02 sheet,
are gradually removed or, more correctly, only
Si02 is removed because two of the oxygen ions
in each of the tetrahedra are common to adjacent
groups. The removal of SiOa breaks the meta-
silicate chain. A calcium ion then enters the lat-

tice, but not directly into the place of Si02, i.e.,

not into the layer, but between layers. Because
the calcium ion has two positive charges and Si02
is neutral, to preserve charge balance, two hydro-
gen ions must also be removed. The overall
replacement is Si02H2 by Ca. Such a replacement
would have a relatively small effect on the pseudo-
cell weight, as table 2 shows.

In addition, some other features of the system
would also be explained.

Table 2. Replacement of Si02H2 hy Ca

Pseudo-cell contents CaO:Si02:H20 Pseudo-
cell weight

I. Ca(Si60i8-Ca04Hio__ 0.83:1:0.83
1.44:1:0.78

1.75:1:0.75

730
697
687

II. Ca4Si4 50i5-Ca2.504H7-.-
III. Ca4Si40i4-Ca304H6

(a) The upper limit of the CaO/Si02 ratio

would be 1.75, corresponding to the removal of

all bridging tetrahedra. This is in complete
agreement with findings in this laboratory. The
highest-lime tobermorite, obtained in the paste
hydration of J8-C2S, had a ratio of 1.75, as shown
in table 1. The higher ratios of Funk [30] and
van Bemst [28] were discussed earlier.

(b) The rate of equilibration between tobermo-
rites and calcium hydroxide solutions is very slow.

If increasing the lime content would involve
merely uptake of lime between the layers, one
would not expect such slow equilibration. How-
ever, according to the hypothesis, increasing the

lime content would involve removal of Si02 from
the layers, which m.ay well be very slow.

Taylor and Howison realized that their hypoth-
esis was probably an over-simplification of a very
complex problem. This is true, as will be seen

shortly. Nevertheless, the present authors be-

lieve that basically, though not in detail, the

hypothesis of Taylor and Howison is correct.

It is hard to visualize any other explanation for

the constancy of density.

In several aspects, the hypothesis is not borne
out by certain experimental findings.

(a) Taylor and Howison point out that the

above described replacement would lead to

gradual decrease in the crystallinity of the
tobermorites. No such decrease was found by
Grudemo [32] for synthetic tobermorites of ratios

0.98 to 1.36, nor in this laboratory for tobermorites

of ratios 0.97 to 1.44. At least, as far as the

layer spacings {h k 0) are concerned, the number,
location and sharpness of the lines remains
practically unchanged. There appears to occur,

however, a sharp decrease in degree of crystallinity

of the {h k 0) spacings around the ratio 1.5,

which is associated with a change in morphology.
From a ratio of 1.5 to 1.75 the morphology and
the degree of crystallinity remain again constant.

This will be further discussed later.

(b) The water contents indicated in table 2

for formulas II and III are much too low. For
example, if 80 percent of the bridging tetrahedra

would be removed, the tobermorite would have
the formula Ca3Si207-1.55H20, which agrees with

the formula in eqs (3) and (4), except for water.

The situation would be improved, if Si02H2

were replaced not by Ca alone, but by Ca plus a

water molecule. In this case, the formula of the

above tobermorite would be Ca3Si207-3.15 H2O—
close to that indicated by eq (3). There would be
two other advantages in this addition to the

hypothesis.
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(1) The pseudo-cell weight would remain more
nearly constant. The tobermorite obtained by
80 percent removal of the bridging tetrahedra

would have a pseudo-cell weight of 724, and that
obtained by 100 percent removal (formula III

in table 2) would have a weight of 722. Such a
high degree of constancy of density is indicated

by the results obtained in this laboratory and
cited earlier.

(2) Grudemo [32] showed that gradual increase

in the CaO/SiOa ratio from 0.98 to 1.56 resulted in

a gradual decrease in the c spacing from about
13.7 to about 10.4 A. Apparently, the calcium
ions pull the layers closer to each other. Taylor
[22], as well as many others, showed that increasing

the water content resulted in an increase in the c

spacing, ranging from 9.3 to more than 14 A.
Brunauer, Kantro and, Copeland [14] pointed out
that the decrease in c spacing caused by addition
of a molecule of CaO is approximately equal to

the increase in c spacing caused by the addition
of a molecule of H2O. It follows, therefore, that
to keep the volume of the pseudo-cell constant,

the addition of a calcium ion should be balanced
by the addition of a water molecule.

Further evidence along these lines will be pre-

sented later.

(c) The removal of bridging tetrahedra would
lead to a breaking up of the long metasilicate
chains. This may be regarded as a partial de-
polymerization. When all bridging tetrahedra are

removed, at CaO/Si02=1.75, all remaining silicon

tetrahedra would be in the form of "dimers";
i.e., two tetrahedra joined at one corner (sharing
one oxygen ion).

As a matter of fact, Greenberg and Pressler [40]

found evidence of increasing depolymerization
with increasing CaO/Si02 ratio. However, the
depolymerization was far greater than that in-

dicated by the Taylor-Howison hypothesis.
Various investigators [41] showed that most

ortho and pyrosilicates readily dissolve in dilute

HCl, whereas most chain, layer and three-dimen-
sional structures of connected Si04 tetrahedra do
not. Alexander [42] showed that one can dis-

tinguish between monomers, dirners and higher
polymers in the solution by means of the rate of

reaction of these species with molybdic acid.

Using these techniques, Greenberg and Pressler
obtained the results shown in table 3. In their

experiments, 0.5 g. samples were dissolved in
200 ml. of 0.5 N hydrochloric acid at 0 °C. The
percentage dissolved in 2 minutes is shown in
column 2. The filtered solution was brought in

Table 3. Solution properties of hydrated silicates

Preparation

Na2H2SiO,-8H20
Hydrated C3S-..
Tobermorite, 1.5.

Tobermorite, 1.0.

Tobermorite, 0.8.

/S-wollastonite-...

2

Percentage
dissolved

3 4 5

Molybdic acid reaction

2 Min. 10 Min. 60 Min.

100 69.2 79.2 100
100 57.9 82.3 97.3
85.5 42.2 64.

1

83.6
72.0 15.0 27.9 55.0
37.8 9.6 18.9 33.6
12.4 4.3 6.6 10.9
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contact with the molybdic acid reagent, and the
extent of reaction in 2, 10, and 60 minutes is shown
in columns 3, 4 and 5.

First of all, it is clear that hydrated C3S behaves
very much like Na2H2Si04-8H20. Thilo [43]

showed that the latter is an orthosilicate. At the
other end, it is also clear that (3-wollastonite

behaves very differently, as one would expect for

a metasilicate chain. The three tobermorites of

table 3 were prepared by the reaction of calcium
hydroxide and silica gel at 85 °C for 3 hr, with
initial CaO/SiOz ratios of 1.5, 1.0, and 0.8. The
solution behavior of these three tobermorites is

intermediate between the two extremes.

It appears, therefore, that increasing depoly-
merization occurs with increasing CaO/Si02 ratio.

The tobermorite of CaO/Si02 ratio 1.5, obtained
in the hydration of C3S, contains largely or wholly
monomers, i.e., independent Si04 tetrahedra.

4. Whatever the genealogy of tobermorites
may be, the tobermorite obtained in the room
temperature hydration of C3S or C2S appears to

contain no chains of SiOs but chains of SiO^, very
much like that postulated by Bernal [29]. The
tetrahedra, very probably, are joined by hydrogen
bonds. The hydrate itself is an orthosilicate, just

as C3S and C2S are orthosilicates.

This particular tobermorite was called in all

publications from this laboratory simply "tober-
morite". Henceforth, to distinguish it from aU
other tobermorites, it will be called tobermorite
(G). The name toi)ermorite gel was suggested by
Taylor in private communication.
Tobermorite (G) is a very poorly crystallized

hydration product. The natural mineral exhibits

dozens of X-ray diffraction lines, as do the syn-
thetic tobermorites prepared hydrothermally [24,

44]. Tobermorites, synthesized in suspensions at

room temperature, show about a dozen diffraction

lines. However, the tobermorites obtained in the
room temperature hydration of C3S and C2S in

this laboratory show only three diffraction lines.

There is a very strong and very broad hne with a

maximum at 3.05 A, and two much weaker broad
lines at 2.79 and 1.82 A. These spacings were
obtained on samples dried at a vapor pressure of

5X10"^ mm. Heller and Taylor [44] found that
these spacings have indices of (110), (200), and
(020), respectively, and they reported the same
spacings at 3.07, 2.81, and 1.83 A, on less strongly
dried samples.

All three lines are {h k 0) spacings, i.e., spacings
within the layer. Taylor [22] pointed out that
drying results in a slight shrinkage of these
spacings. The (020) spacing represents half the
distance between Si atoms in the chain. Twice
this distance, 3.64 A, is the h length of the ortho-

rhombic pseudo-cell. Twice the (200) spacing,

5.59 A, is the a length of the pseudo-cell. The
three lines in tobermorite {G) correspond to three

of the strongest lines of all tobermorites.

Tobermorite {G) exhibits no basal spacing. In
the first experiments performed in this laboratory,

a paste-hydrated C3S tobermorite sample, dried



at 5X10~* mm pressure, gave a c spacing of about
11 A and a density of 2.44 g/cc [12]. Never again
was such a sample obtained. In dozens of prep-
arations, obtained by hydration of C3S and C2S
and dried at the same vapor pressure, the c

spacing (002) was absent, and the average density
was 2.86 g/cc [14].

Tobermorite (G), dried at 5X 10~*mm pressure,
has the formula Ca3Si207-2H20. From the a and
b lengths of the pseudo-cell and from the density,
the c length can be obtained, and it is 9.3 A.
Numerous investigators found this value for the c

spacing of very strongly dried tobermorites; it

appears to be the distance of closest approach of

two layers.

Tobermorite (G), dried at 8X 10~^ mm pressure,
has the formula Ca3Si207-2.8H20. Calculation,
using the density of 2.73 g/cc, leads to a layer-to-
layer distance of 10.3 A. The extrapolated density
of Ca3Si207-3H20 is 2.71 g/cc [15].

Even the three broad diffraction lines of tober-
morite (G) do not represent the lowest limit of the
degree of crystallinity of tobermorites. A tober-
morite exhibiting a single broad diffraction band
wUl be discussed in connection with the ball-mill

hydration of C3S.

5. It is seen in figure 1 that Taylor and Kalousek
obtained tobermorites of different CaO/Si02 ratios

at the same lime concentration in the solution.

In earlier investigations, even greater variations
were obtained [33]. To be sure, equilibrium is very
slowly established for reasons discussed before.

However, some investigators did approach equi-

libriim:! from both the high- and the low-lime
directions, and still obtained somewhat different

curves.

There are two factors that may cause such
variations. One of these is difference in the
structiire and the degree of crystallinity of the
tobermorite obtained in the reaction. For a
given CaO/Si02 ratio, every recent investigator

reports a somewhat different X-ray diffraction

pattern; and even the same investigator reports

somewhat different patterns for different methods
of preparation. The formula Si02 does not
define a chemical compound; quartz, crystobalite,

and amorphous silicas have different free-energy

contents and solubilities. Just so, the variations
in the crystal structure of a tobermorite of a given
CaO/Si02 ratio may cause variations in the free

energy content and in solubility. Thus, it may
happen, as figure 1 shows, that Taylor's tober-

morite, with a ratio of 1.1, is in equilibrium with
a calcium ion concentration of about 3 mUlimoles
per liter, whereas Kalousek's is in equilibrium with
a concentration of about 6 mUlimoles per liter.

A second factor is variation in the specific

surface area of tobermorite. Very few inves-

tigators have measured surface areas; neverthe-
less, it is clear that considerable variations may
be obtained. Two tobermorites, having the same
CaO/Si02 ratio and the same crystal structure, would
have different free energy contents and solubilities

Lf they have different specific surface areas.

Water of Hydration in Tobermorites

1. When tobermorite (G), obtained in the

hydration of C3S or C2S is (Z')-dried, the CaO/Si02
ratio is 1.5 and the H20/Si02 ratio is slightly

greater than 1.0. Part of the excess, as was
stated before, is probably adsorbed water, held

firmly on the most active part of the surface.

In agreement with Bernal's views [29], tober-

morite (G) is an orthosUicate, with two hydrogens
on two of the oxygen ions in the Si04 tetrahedra.

According to his structural formula, Ca2
[Si02(OH)2]2[Ca(OH)2], two of the water mole-
cules, in hydroxylic forms, are in the tobermorite

layers—or in the HaSiOr chains, constituting parts

of the layers. The third water molecule, likewise

in hydroxylic form, is between the layers.

On the basis of experiments performed in

this laboratory, it appears more likely that the

interlayer water is molecular; so Bernal's formula
would be modified to Ca2[Si02(OH)2]2-CaO-H20.
With drying of increasing severity, the interlayer

water is lost continuously. At (P)-drying, the for-

mula is approximately Ca2[Si02(OH)2]2-CaO-}^H20,

at (Z>)-drying, Ca2[Si02(OH)2]2CaO. The density

indicates that at (P)-drying the c spacing (inter-

layer distance) is 10.3 A, at (Z>)-drying 9.3 A.

At (Z>) -drying all the interlayer water is removed,
and the minimum distance between the layers is

attained.

It was found in this laboratory [14] that

tobermorite dried to this stage, ev&n after soaking
in water for a day, did not swell. Megaw and
Kelsey [39] proposed that when a tobermorite
having a c spacing of 11.3 A was dehydrated
to a stage with a c spacing of 9.6 A, the metasilicate

chains in one layer fitted into the grooves between
those in the next adjacent layer. This would
explain the strong attraction between adjacent

layers, leading to the exclusion of water. Taylor
and Howison [31] suggested that the packing
would be similar in hydrates having c spacings of

10.3 A. Tobermorite (G), subjected to (P)-

drying, gives a calculated c-spacing of 10.3 A.

Upon soaking in water, it shows some swelling,

but the swelling is very slow and very slight.

After (Z>)-drying, a tobermorite (G) molecule
contains only the hydroxylic water attached to

the Si04 tetrahedra in the layers, with the slight

excess mentioned before. The water in the

layers is far more firmly held than that between
the layers. A tobermorite (G) preparation, dried

over P2O5 for four weeks to constant weight, still

had an H20/Si02 ratio of 0.95. Thus, at a vapor
pressure of the order of 1/1000 of that used in

(D) -drying, very little of the layer water was
lost. The difference between 0.95 and 1.00 is

only slio-htly greater than the exoerimental error.

It will be shown that tobermorite (G) is very
finely divided in the c direction. This dimension
of the crystallites—if one can call such poorly

crystallized particles crystallites—is colloidal; it

even verges on the molecular. On the other

hand, the dimension of the particles in the b
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direction, i.e., along the silicate chains, is quite

large, of the order of a micron or several microns.

Thus, speaking with some license, tobermorite

(G) is a colloid in the c direction but not a colloid

in the b direction. It is interesting to note that

interlayer water is lost continuously, as water is

usually lost by colloids, but the water content

of the orthosilicate chains remains almost constant

over a wide range of vapor pressures.

2. It was shown earlier that in high-lime tober-

morites the addition of lime to the structure

always resulted in addition of water to the structure,

in the approximate molar proportion of 1:1. If

the modification of the Taylor-Howison hypothesis

proposed in this paper is correct, the same should

be valid for low-lime tobermorites as well.

Experiments performed in this laboratory indicate

that this is what happens. The results are shown
in table 4.

Table 4. CaO/Si02 and H20/Si02 molar ratios of
low-lime tobermorites

1 2 3 4 5 6 7 8

Start- Reac-
Preparation ing tion Temp. CaO/ H2O/ ACaO AH2O

CaO/ time Si02 Si02
SiOz (days)

°C
F-29X 1.0 88 50 0. 98

.99
0.65

F-18X 1.0 165 23 .67 0. 01 0.02
F-20X 1.5 254 23 1.25 .90 .27 .25

F-27X 1.5 91 60 1.28 .93 .30 .28
F-23X 2.0 292 23 1.38 1.00 .40 .35
F-22X 2.0 75 50 1.44 1.07 .46 .42

Very pure lime and silica were used, in ratios

1.0, 1.5, and 2.0, and the reactions were carried

out at 23 and 50 °C, for various lengths of time.

One-half of the preparations were (Z>)-dried, the
other (P)-dried. The results are given only for

the -dried samples; essentially the same results

were obtained for the others. Ignition loss, CO2,
free Si02, and free CaO were determined for each
preparation; thus, the ratios in columns 5 and 6 are
quite accurate. The A values in the last two
columns were obtained by comparison with F-29X
which had the lowest CaO/Si02 and H20/Si02
ratios.

In contrast with these results, Taylor and
Howison [31], confirming earlier work of Taylor
[45], came to the conclusion that low-lime tober-
morites, dried around 100 °C, have Il20/Si02
ratios substantially independent of the CaO/Si02
ratios. Drying around 100 °C is not too different

from (Z)) -drying. The present authors have no
explanation for the very different results beyond
what they stated earlier. The tobermorite system
is a complicated one, to say the least. Differences
in starting materials and experimental procedures
lead to wide differences in the properties of the
products. Much further work will be needed
before this system will be, not fully, but adequately
understood.

Morphology of Tobermorites

1. The first extensive electron optical studies of

tobermorites prepared at room temperatures have
been published by Grudcmo [32]. The low-lime

tobermorites consist predominantly of very thin

crinkled foils; some of which are so thin that

Grudemo estimated them to be of unit cell thick-

ness. Some of these foils or sheets appear to roll,

partially or completely, into tubes or fibers.

Kalousek and Prebus [20] obtained similar electron

micrographs and came to similar conclusions.

Gaze and Robertson [46] obtained tobermorite
foils from hydrated portland cement, and they
estimated that these foils were of the order of two
molecules in thickness.

At lime saturation, the micrographs show pre-

dominantly tubes or fibers. Grudemo states,

"In saturated and supersaturated lime solutions,

a fibrous or needle-like growth of the crystals seems
to be promoted, probably caused by a degenera-
tion of the sheets into lath-like structures and by
twisting and rolling of the crystal sheets."

Figure 2 shows electron micrographs of hydrated
C3S and C2S preparations, obtained by Copeland
and Schulz in this laboratory. Figures 2a to 2c
show tobermorite {G), as well as occasional

Ca(0H)2 crystals, obtained in the paste-hydration

of C3S, and figures 2d to 2f, those obtained in the
paste-hydration of The pastes were dis-

persed by an ultrasonic generator, using 1,1,1

trichloro-ethane as the liquid. Almost complete
dispersion was always obtained, and tobermorite

(G) always appeared as fibers. The undispersed
part was less than 10 percent, and it is probable
that most of this also consists of fibers.

The micrographs give clear indications that the

fibers are roUed-up sheets. Although in the

photographs much of the distinctness of the
original micrographs is lost, still enough is seen to

show the correctness of this conclusion. Many
dozens of micrographs show the rolling of the
sheets, in different stages. The fibers are long
and straight, most of them longer than Ijit. The
magnifications are shown in the figure; the length

of the line is Iju.

It was stated earlier that the X-ray diffraction

pattern of tobermorite {G) consists of only three

broad (h k 0) lines and no {0 0 I) line. It seems
reasonable to assume that the rolling of the sheets

into fibers causes the great change in the degree of

crystallinity of the substance. At any rate, the

drastic change in morphology and in degree of

crystallinity appear to be simultaneous.
2. Figures 2g and 2h show electron micrographs

of C2S hydrated in a polyethylene bottle rotated
on a wheel for more than two years (D-69 of

table 1). It will be noted that the particles look
quite different from those obtained in the paste-

hydration of C3S and C2S; instead of straight

fibers, they are cigar-shaped. Again, almost aU
of the tobermorite was dispersed by ultrasonic

treatment, and all dispersed material consisted of

such cigar-shaped particles. The morphology of
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Figure 2e. Electron micrograph of hydration products of Figure 2f. Electron micrograph of hydration products of
paste-hydrated C2S. paste-hydrated C2S.



this preparation is identical with that of Taylor's
C2SH(II), published by Grudemo [32].

As a matter of fact, the material is identical with
Taylor's C2SH(II) in, probably, all respects. It

is far better crystallized than the tobermorites
obtained in the paste hydi'ation of C3S and C2S;
and, in fact, its X-ray pattern is the same as that
of Taylor's CoSHCII) [22]. Although initially

Taylor believed that the CaO/SiOa ratio in this

hydrate was close to 2, later he estimated it to be
1.75; and, as table 1 shows, the hydrate in D-Q9
has a ratio of 1.73. The water content of the
hydrate in D~69 is higher than that of similarly

dried high-lime tobermorites.

Preparation D-iO, in table 1, presents an inter-

esting transition between tobermorite {G) and
C2SH(II). The morphology of the hydrate in

Z>-40 is the same as in D-Q9
;
nothing but cigar-

shaped particles is in evidence. The composition,
however, is the same as that of tobermorite (6),
both with respect to CaO/Si02 ratio and H20/Si02
ratio. The X-ray diffraction pattern cannot be
easily determined because of the 27.5 percent
unhydrated C2S in 7)-40; however, to the extent
that it can be deciphered, it seems to be inter-

mediate between that of tobermorite (G) and
C2SH(II). The c-spacing of the hydrate in Z>-69
exhibits a strong reflection at 9.9 A, in agreement
with Taylor's value of 10.0 A (22) for C2SH(II).
Tobermorite (G) shows no c-spacing. The hydrate
in Z)-40 gives such a weak line for the c-spacing
that it is not quite certain that the line is there.

3. Hydrated C3S and C2S set and harden very
much like hydrated portland cements; and,
doubtless, the formation of tobermorite (G) is

predominantly responsible for the setting and
hardening of portland cements. Bernal [29]

pointed out that the fibrous character of tober-
morite presents a way for the reconciliation of the
old Le Chatelier-Michaelis controversy on the
nature of the setting of cement.
Le Chatelier emphasized the fibrous nature of

the hydration products ; Michaelis emphasized the
gel-like characteristics. Bernal states, "We have
long known from electron microscope results and
the polymer systems that most of the things called
gels were, in fact, very fine fibrous crystals; the
characteristic gel of collagen (gelatin jelly) is

simply a network of fine fibers holding water in
between them .... One of the most important
things to establish was that calcium silicate

hydrate did form such a network . .
.".

Bernal, Jeifery, and Taylor [7] state, "The rapid
growth of long fibers might well lead to the
production of interlocking crystals, similar in
principle to those formed in gypsum plasters, but
on a very much smaller scale."

The interlocking of tobermorite fibers may well
explain the adhesion of the fibers to each other,
but the adhesion of these fibers to the large
Ca(0H)2 crystals in C3S, C2S, and portland cement
pastes, and to the much larger aggregate pieces
in concrete probably requires a more detailed and
more basic explanation. Nevertheless, the present

authors do not doubt that Bernal's ideas constitute

a good beginning toward the understanding of the
strength of hardened paste and concrete.

4. Strength and dimensional stability are the
two most important engineering properties of

concrete, and both of these properties are probably
strongly dependent on the properties of tober-

morite.
Hardened portland cement paste swells when

it imbibes water and shrinks when water leaves.

Taylor and Bessey [47] showed that low-lime
tobermorites can be hydrated and dehydrated
reversibly up to about 100 °C, with a change in

the interlayer spacing. Such reversible change in

the interlayer spacing may occur in tobermorite
(G) as well, though it cannot be demonstrated by
X-rays since the c-spacing is absent.

The fibers of tobermorite are apparently rolled-

up foils or sheets, and the sheet has a thickness of

two or three layers, as will be shown later. Water
can enter between these layers, with the result of

swelling the fiber. Such a mechanism of swelling

has been suggested by Bernal [29].

There are two other ways in which tobermorite
may swell upon entry of water. Water may not
only enter between the layers constituting a sheet,

but it may also be adsorbed on the external sur-

faces of the sheet itself. Because the sheet is

rolled up into a fiber, adsorption would also lead

to swelling of the fiber. The third mechanism is

entry of water into the spaces where fibers make
contacts with each other, with the result of pushing
the fibers away from each other. This mechanism
would not involve swelling of the fibers.

It is quite likely that all three mechanisms con-

tribute to the swelling of tobermorite, but much
painstaking work must be performed before the
relative importance of these mechanisms can be
assessed.

Specific Surface Area and Particle Dimensions

1. It was stated earlier in this paper that tober-

morites produced at room temperature were col-

loidal substances, with large specific surface areas.

This large specific surface is one of the most im-
portant properties of tobermorite.

Powers and Brownyard [48] were the first who
measured the specific surface areas and porosities

of hardened 'portland cement pastes, and they
were able to deduce highly significant correlations

between these basic physical properties and such
vitally important engineering properties as com-
pressive strength, dimensional changes caused by
changes in water content, permeability to water,

and freezing and thawing of water in the pores.

This work, as well as subsequent work performed
in this laboratory along similar lines, is discussed

by Powers in his review paper contributed to this

symposium.
It was found in this laboratory that about 80

percent of the specific surface area of hardened
portland cement paste is contributed by tober-

morite. Although the other hydration products

contribute the other 20 percent of the surface,

148



it is clear that the surface dependent properties of

hardened portland cement pastes are determined
predominantly by the tobermorite surface.

Bogue and Lerch [49] showed that the compres-
sive strengths of hardened C3S and C2S pastes
increased progressively with increasing extent of

hydration, as will be discussed later. The strength
of hardened portland cement paste is about the
same as that of hardened C3S and C2S pastes, and
the strength of all three is essentially the strength
of tobermorite.

Unquestionably, the other hydration products
of portland cement make important contributions

to the physical, chemical, and engineering proper-
ties of hardened portland cement paste. The
present authors believe that it is also unquestion-
able that the contributions of none of the other
hydration products, nor of all of them put together,

equal in importance the contributions of tober-

morite.

2. All investigators who published specific

surface area values for tobermorites used the
BET method [50]. Greenberg [23] used nitrogen
adsorption, but nitrogen surface values for tober-
morites are unreliable; in the great majority of

instances they are too low. The incorrectness of

the nitrogen surfaces was demonstrated by
Brunauer, Kantro, and Weise [51], who showed
that the nitrogen values frequently indicated
negative surface energies, which is absurd. Ap-
parently, the aggregation of the tobermorite sheets,

or their rolling into fibers, or the aggregation of

the fibers, or all these factors together create
spaces inaccessible to nitrogen molecules, though
accessible to water molecules.
Kalousek [52] used both nitrogen and water

vapor for surface area determination, but he
believed that nitrogen measured the external
surfaces correctly. He attributed the difference

between the two to the ability of water and the
inability of nitrogen to penetrate between the
layers of tobermorites. Originally, this opinion
was shared by investigators in this laboratory [12],

but later work necessitated the abandoning of this

view [14]. As was stated earlier, strongly dried
tobermorite (G) does not admit water between its

layers even when soaked in water. In the adsorp-
tion experiments, the maximum relative humidity
used was 33 percent.

The nitrogen surface values obtained in this

laboratory ranged from 21 percent to 100 percent
of the water surface values. The important fact

is that the upper limit of the nitrogen surface
values enables one to calculate the area occupied
by an adsorbed water molecule on the surface of

tobermorite.
The BET method gives a value for V^, the

weight of nitrogen or water that covers the surface
with a complete adsorbed monolayer. In order
to calculate the specific surface, one must know
the area covered by a single adsorbed molecule.
One can calculate the molecular area of nitrogen
from the density of the liquid at —195.8 °C,
the temperature at which the adsorption measure-

ments are usually carried out. That the value
thus obtained, 16.2 A^, is really the correct area

of an adsorbed nitrogen molecule has been
confirmed by a great variety of experiments,

among which the earliest, and still most impres-
sive, is that of Harkins and Jura [53].

The molecular area of 16.2 A^ for nitrogen has
been adopted the world over, and because of the

inert nature of nitrogen, the area applies to all

adsorbents. The situation is not so simple,

however, for water. The area calculated from
the liquid density is 10.6 A^, but this value cannot
be applied to all adsorbents. Because of their

strong dipole moments, the water molecules are

oriented on ionic surfaces, with the result that

the nature and the configuration of the ions of

the surface influence the packing of the adsorbed
molecules.

Naturally, it is easy to calibrate the water
against nitrogen, when the nitrogen surface gives

a correct area. Although this is the case for the

great majority of adsorbent-adsorbate systems,

it is not the case for tobermorites, as was shown
above. Nevertheless, the upper limit of the

nitrogen surface values can be used for such
purpose. Using the largest nitrogen V„i value
obtained for any tobermorite preparation, one
calculates a molecular area of 11.4 A^ for water
adsorbed on the tobermorite surface.

There are three other comparisons that confirm
this value.

(a) The molecular area of water adsorbed on a

Ca(0H)2 surface is 10.3 A^ [54]; that adsorbed on
a hydrous amorphous silica (silanol) surface is

12.5 A^ [55]. The average of the two is 11.4 A ^
The surface of tobermorite is a sort of "Chemical
mixture" of the surfaces of the two others.

(b) The ball-mill hydration of C3S produces the
calcium silicate hydrate afwillite [13], as was
stated before. Afwillite is a well crystallized

product, with a specific surface area of about
16 mVg- Nitrogen and water give the same
surface values for all afwillite preparations, if

the molecular area of water is taken to be 11.4 A^.

(c) Copeland determined the specific surface

area of tobermorite by means of low angle X-ray
scattering—entirely independently of adsorption.

The water adsorption surface agrees with the
value of Copeland, if the molecular area of water
is taken to be 11.1 Al An uncertainty of 3

percent may arise in either set of experiments.

In the following discussion, aU specific sm-face

area values are based on water vapor adsorption,

and the molecular area of water is taken to be
11.4 Al

3. Tobermorite (G), obtained in the hydration
of C3S and C2S, consists of fibers, which are very
probably rolled-up sheets. If the rolling of the

sheets does not create spaces to which water
cannot penetrate, the area measm*ed by water
adsorption for the fibers should be the same as

that of the sheets prior to rolling. This area
could be calculated from crystal structure data,

if the thickness of the sheets were kno^vn.
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Electron micrographs indicate that the sheets

are very thin—of the order of a few layers, at
most. Because the thickness is very small
compared to the two other dimensions of the
sheet, practically all of the surface area resides

in the two sides of the sheet. The a and b di-

mensions of the orthorhombic pseudo-cell of

tobermorite (6) are 5.59 and 3.64 A, respectively,

when the composition is Ca3Si207-2H20 (in the
(Z))-dried state). If one places one molecule
into the pseudo-cell and assumes that the sheet is

one layer thick, the specific surface area is 755
mVg.

If the sheet is two layers thick, the specific

surface area is 377 mVg- The largest specific

surface area measured for any tobermorite (G)
preparation made in this laboratory was 376
mVg [14]. Naturally, the almost exact agreement
is somewhat fortuitous. Neglecting the edge
areas makes the calculated specific surface a
few percent less than the true surface. On the
other hand, aggregation of the fibers, with
possible bonding at the contact areas, may
reduce the surface accessible to water molecules
by a few percent. A third, and also small,
factor will be considered shortly.

If the thickness of the sheet is three layers,

the calculated specific surface, again neglecting
edge areas, is 252 m^/g. The smallest surface
measured for any tobermorite (G) in this labora-
tory was 244 m7g [51]. Dozens of tobermorite
(G) preparations gave specific surface area values
between 244 and 376 m7g. Thus, the tobermorite
(G) sheets always, or nearly always, consist of
two or three layers. It was found in this labora-
tory that this conclusion is valid also for the
tobermorite (G) in hydrated portland cements.

It is interesting to compare these results with
those obtained for the low-lime tobermorites
shown in table 4. Preparations F-29X, F-18X,
F-27X, and F-22X had specific surface areas of

378, 249, 241, and 241 mVg, respectively. Ap-
parently, the tobermorite sheets of the first one
consisted of two layers, those of the last three, of
three layers. However, the specific surface areas
of F-20X and F-23X were 135 and 135 mVg,
respectively, indicating sheets that are about 6
layers thick.

In contrast with tobermorite (G), each of the
six preparations shows a c-spacing in the X-ray
patterns. The lines are very broad for the first

four preparations, but quite sharp for the last

two. Apparently, 6 layers are sufficient to give
a sharp diffraction line.

4. The above surface areas were measured on
(Z)) -dried preparations. The surface areas ob-
tained for (P) -dried preparations were always
lower. The reason for this is that (P) -drying
leaves a considerable amount of adsorbed water
on the surface. If it is assumed that (Z)) -drying
removes all adsorbed water, the amount of ad-
sorbed water in (P) -dried samples can be calcu-
lated. Such a calculation leads to the result,

reported earlier, that in Ca3Si207-2.8H20 about

2.5 H2O is water of hydration and 0.3 H2O is

adsorbed water.

It was shown earlier that the Il20/Si02 ratio

in -dried preparations is always greater than
1.0. The excess may be in part interlayer water
not completely removed, and in part adsorbed
water. It is quite likely that there is some
adsorbed water in tobermorite (G) after (D)-
drying, but judging from the amount adsorbed at

(P) -drying, it must be small. Probably not more
than 2 or 3 percent of the surface area is covered
with water after (D) -drying.

This adsorbed water would make the specific

surface areas determined by water vapor adsorp-
tion too small by a percent or two. It is clear

that all three factors neglected in the basic cal-

culations, preadsorption of water, adsorption on
edge areas, and lack of adsorption on contact
areas, are small, and they partly compensate for

each other.

5. From the data given so far, certain conclu-
sions can be drawn for the average dimensions of

the tobermorite {G) sheets. If one calls the
length of the average sized sheet in the direction

of the silicate chains B, the length perpendicular
to this A, and the thickness of the sheet t, the
surface area per unit volume is given by

_2iAB+At+Bt) ,

S is the product of the specific surface area and
the density, and t is about 20 A for the two-layer
sheets and 30 A for the three layer sheets.

Solving for B, one obtains

{S/2)At-{A+t)' ^ ^

It follows from eq (6) that

iS/2)At>A+t (7)

and the lowest limit of A is given by

iS/2)At=A+t. (8)

Because the fibers are roUed-up sheets, the
average length of the fibers seen in electron micro-
graphs gives the B dimension of the sheet. How-
ever, nothing can be said about the A dimension
of the sheet on the basis of electron micrographs.
Calculations based on eq (8) show that the A
dimension of the average sheet cannot be less

than 360 A for the two-layer tobermorite (G) and
515 A for the three-layer tobermorite (G).

If the average length of the fibers is 1 n, the

A dimension is 390 A for the two-layer sheet and
560 A for the three-layer sheet. If it is greater

than 1 M, as the electron micrographs seem to

indicate, the A dimension is between 360 and
390 A for the two-layer sheets, and between 515
and 560 A for the" three-layer sheets.

150



It can be seen from the above considerations
that specific surface area, combined with other
information, leads to reasonably good estimates
of all three dimensions of the average tobermorite
(G) particle.

Other Properties of Tobermorites

1. A most useful collection of X-ray powder
data, as well as of a number of other properties

of tobermorites, has been published by Heller and
Taylor [56].

Extensive data on index of refraction are found
in the papers of Taylor and Howison [31, 57].

The average index of refraction of tobermorite
(G), obtained in the paste hydration of C3S and
C2S, was 1.56 for each. Dr. L. S. Brown of this

laboratory made the measurements.
2. Kalousek and Roy [58] and Kalousek and

Prebus [20] reported infrared absorption data for

tobermorites. Hydrothermally prepared and well-

crystallized tobermorite absorbs infrared radiation
at 2.9 and 6.2 ju; low-lime tobermorites of CaO/
SiOz ratios 0.8 to 1.33 absorb at 2.9, 6.2, and 6.8 n;
and poorly crystallized high-lime tobermorites,
with ratios 1.5 and higher, absorb at 2.9 and 6.8
to 7.0 n. In addition, a broad band between 9

and 11 jjL was present in aU preparations. The
2.9 n band was attributed to hydroxylic water,
and the 6.2 fi band to molecular interlayer water.

In hydrated C3S, van Bemst [28] found only a
very broad infrared absorption band between 8.2

and 11.2 /u. A dissertation by Hunt [59], which
includes infrared investigations of the hydration
products of C3S and C2S, was not available to the
present authors at the time of writing this paper.

3. Kalousek [34] applied differential thermal
analysis in the study of the S5^stem lime-silica-

water. Somewhat later, van Bemst published
DTA curves for the hydration products of C3S
[28]. The method of hydration he used was very
similar to that called "bottle" hydration in this

paper. He obtained two endothermic peaks for
the calcium silicate hj^drate, a larger one at 150°
and a smaller one at 335 °C. S. Gordon deter-
mined a DTA curve for preparation D-69 of
table 1, and the curve was quite similar to that of
van Bemst, with the large peak near 200° and
the smaller one at 330 °C. It was shown earlier

in this paper that the hydrate is probably identi-
cal with Ta^dor's CaSHCII). In contrast with
this, Gordon's curves for paste-hj^drated C2S and
C3S (C-51 and C-52 of table 1) do not show the
peak at 335 °C.
McConnell [37] obtained two distinct endother-

mic peaks for a natural mineral tobermorite at
128° and 249 °C. He attributed these peaks to
"unbound" or interlayer water and "bound"
water. The two peaks seem to fuse into a broad
hump at or near 200 °C for D-69, C-51, and C-52.
The DTA curve of McConnell showed an

exothermic peak at 851 °C, corresponding to the
conversion of tobermorite to woUastonite. Van
Bemst found that this peak shifted gradually

from 840° to 920 °C, as the CaO/SiOz ratio in the
tobermorite increased. He reported that lower-
lime tobermorites converted into woUastonite, but
high-lime tobermorites converted into /3-C2S.

4. A thermobalance was used by Greenbcrg
[23], van Bemst [28], Nicol [60], and others for

quantitative determination of the hydration prod-
ucts of C3S and C2S.

The differential thermobalance developed by
DeKeyser [61] was employed by van Bemst [28]

for the study of hj'-drated C3S. He obtained
endothermic peaks for the tobermorite at 70°,

250°, 310°, and 390 °C. He stated, "Differential
therm ogravimetric analysis indicates much better
than thermal analysis the less important phe-
nomena of thermolysis."
The present authors believe that infrared

absorption, differential thermal analysis, thermo-
gravimetry, and differential thermogravimetry
may prove to be very valuable tools for the
investigation of the properties of this complex
system. However, much work will have to be
done before all the infrared bands, and all the
DTA peaks and differential thermobalance peaks
will be definitely interpreted.

Aqueous Phase

1. The aqueous phase in contact with tobermo-
rites of var3dng molar CaO/Si02 ratios has been
studied by many investigators [33]. One of the
often quoted investigations is that of Flint and
Wells [62], who made silica sols react with Ca(0H)2
at 30 °C. They plotted the amount of dissolved
silicic acid as a function of the calcium ion con-
centration in the solution, and obtained a curve
with an ascending branch at low calcium ion
concentrations, followed by a sharp descent within
a narrow calcium concentration range, and ending
with a slowly descending, almost linear, curve at

higher calcium concentrations. They found that
the solid species in contact with the solution along
the first branch was hydrated silica with some
sorbed Ca(0H)2; along the rest of the curve it

was a calcium silicate hydrate with increasing
molar CaO/Si02 ratios.

The first branch of the curve can be explained
as increasing solubilit}^ of silica with increasing
pH. Alexander, Heston, and Her [63] found that
the solubility of silica gel in NaOH solutions
increased with increasing pH. They attributed
the effect to the formation of H3Si04" ions above
pH 7. The equilibria can be expressed b}' the
equations

Si02(s)+nH20(l)=H4Si04aq. (9)

H4Si04aq. +nH20(l) =H+aq. +H3Si04- aq. (10)

The equilibrium constants are

Ki= aH4S104 (11)

^^^a^^a^
(12)

aH4S104
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where a refers to the activity of each species.

The product of eqs (11) and (12) is

KiK2=K3=aH^aH3Sio;. (13)

As the increases, aH+ decreases, and OHaSio;

must increase. Thus the solubility of silica

increases by the formation of HsSiOl ions. Green-
berg and Price [64] obtained similar results when
Ca(0H)2 was used instead of NaOH.

2. Along most of the descending branch of the

Flint and Wells curve, the solution is in equilib-

rium with tobermorites of increasing CaO/Si02
ratios. Greenberg, Chang, and Anderson [65]

investigated the solubilities of tobermorites of

CaO/SiOa ratios 0.8, 1.0, 1.2, and 1.5, prepared
at 85 °C by the reaction of Ca(0H)2 and silica

gel. The pH, the calcium ion, and the silicic

acid concentration were determined for the

solutions in contact with the tobermorites. Using
the known dissociation constants of silicic acid

and the Debye-Hiickel limiting law, the activities

of the calcium and HaSiOj ions were calculated.

For the tobermorite of ratio 0.8, the product

Ksp,= aCa++a'^H3Si01 (14)

was found constant and equal to 10"^^ at 25 °C.

For the tobermorites of higher ratios the product
was not constant.

3. The relative amounts of H4Si04, H3Si04
and H2SiOj species vary with 2>H in sodium and
calcium silicate solutions. As the increases,

£[48104 diminishes and HaSiOi" increases. At
still higher values, H2Si04 ions begin to

appear in the solution, and their concentration
increases with increasing ^H. At a pH of 10.8

the HaSiOi ion concentration is at its maximum,
the H4Si04 concentration is already small, and
the H2Si04 concentration is yet small. Beyond
this ;pH, the HaSiOi" concentration diminishes
and the H2Si04 concentration increases, until

eventually the latter ion takes over almost
completely.

Greenberg, Chang, and Anderson [65] found
that for their tobermorites of ratios 1.0, 1.2 and
1.5 the product

Ksp2=aca++«e2SioT (15)

was constant. Their values for pKsv2 (^^^ nega-

tive of the logarithm of Kgp^) at 25 °C for two
preparations with ratio 1.0 were 6.9 and 7.0,

and for the preparations with ratios 1.2 and 1.5

were 6.9 and 7.0, respectively. The uncertainty
in their ^jKgp^ values was 0.1, so the solubilities

of tobermorites with ratios ranging from 1.0 to

1.5 are the same within experimental error.

Greenberg, Chang, and Anderson obtained a

^Ksp2 value of 7.0 for a tobermorite of ratio 1.0

at 40 °C. Thus, the solubility is approximately
the same in the temperature range 25 to 40 °C.

4. Greenberg and his coworkers added 1.25-

and 5.0-g samples of C3S to 1,000 ml of water
at 30 °C, and the mixtures were stirred. The
Kgp^ values were determined as a function of

reaction time. Initially, both samples indicated
supersaturation with respect to tobermorite,
but the supersaturation kept on decreasing. The
1.25-g sample gave a Kgp^ value of 10"'^ after

20 lir. The 5-g sample reached a Kgp^ value of
10""^-' after 200 minutes, and remained constant
thereafter for the duration of the experiment
(20 hr).

These experiments indicate that tobermorite

(60 obtained in the hydration of C3S, has the
same solubility product, within the experimental
error, as the synthetic low-lime tobermorites,
with CaO/SiOa ratios 1.0 to 1.5.

It was noted that the solution in contact with
the 5-g sample became supersaturated with
respect to Ca (011)2 after 80 minutes of reaction

time, and remained so for the duration of the

experiment.

Energetics of the Hydration Process

Heats of Hydration of C3S and /3-C2S

1. It is interesting that the first values for the
heats of hydration of C3S and |(3-C2S were obtained
by an indirect method. Woods, Steinour, and
Starke [66] determined the heat evolved in the
hydration of portland cements of different chemi-
cal compositions, and calculated by least squares
analysis the heats assignable to the individual
components. The values obtained were 136
cal/g for C3S and 62 cal/g for CjS. The cements
were hydrated for one year.

Direct determinations were made by Lerch and
Bogue [67]. They hydrated the compounds and
obtained the values 120 and 62 cal/g for C3S and
C2S, respectively. More recently, Verbeck and

Foster [68], using the method of Woods, Steinour
and Starke, obtained 117 and 53 cal/g for the
heats of hydration of C3S and C2S, respectively.

Their portland cements were hydrated for 6)2 yr.

The three sets of results are in reasonably good
agreement, indicating that the heats of hydration
of the two silicates in portland cements are

approximately the same as the heats of hydration
of the pure compounds.
Powers and Brownyard [48] pointed out that

the calorimetrically determined heat of hydration
of Portland cement is a composite quantity.

In the hydration process, a finely divided sub-
stance forms, called the "cement gel", and this

gel adsorbs large amounts of water. The overall

heat of hydration is the sum of the chemical
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heat of hydration and the heat of adsorption of

water on the hydration products. Powers and
Brownyard found that the heat of adsorption
of water on two hydrated portland cements was
about one-fourth of the overall heat of hydration.

All of the above heat determinations, as well as

all others that will be reported in this paper, were
made by a method proposed by Woods and
Steinour [69]. Heats of solution of the unhydrated
and the hydrated materials were measured in a
calorimeter, and the heat of hydration was
obtained as the difference.

All three sets of values given above for C3S and
C2S ^re overall heats of hydration. Brunauer,
Hayes, and Hass [2] determined the chemical heats
of hydration by removing the adsorbed water
from the hydration products prior to measuring
their heats of solution. They did this by {D)-
drying the preparations. The values obtained
were 96.5 cal/g for the hydration of C3S and 24.5

cal/g for C2S. Lack of adequate knowledge of the
system hampered these early determinations of

the chemical heats of hydration. More accurate
values are given in the present paper.

2. As a matter of fact, the overall heat of hydra-
tion of C3S or C2S is the sum of four terms, rather
than two terms. For tobermorites of appreciable
surface, the relation is

H„=Hc—S-\-Hji20-\-HcsL(om2 (16)

where Ho is the overall heat of hydration. He is

the chemical heat of hydration when a tobermorite
of negligible surface is produced in the reaction, *S'

is the surface energy of tobermorite, Hn^o is the

heat of adsorption of water, and i?ca(OH)2 is the

heat of adsorption of Ca(0H)2. Because the
adsorption of Ca(0H)2 on tobermorite surfaces is

small, the last term can be neglected. If the
specific surface of a tobermorite is small^ the last

three terms on the right hand side can be neglected.
If the specific surface of tobermorite is not small,

the chemical heat of hydration is Hc—S.
The term S in eq (16) requires some elaboration.

An atom, ion, or molecule in the surface layer of a
substance has always greater energy than in the
body of that substance. This excess energy is

called surface energy. All solids and liquids have
a part of their energies residing in their bodies,
and a part residing in their surfaces. Ordinarily,
substances have relatively small specific surface
areas; consequently, the surface energy can be
neglected. Only for colloids does surface energy
constitute an appreciable fraction of the total
energy.

The surface energy is usually expressed as ergs

per cm^ surface. The order of magnitude of the

surface energy of a number of crystalline sub-
stances is 1,000 ^gs/cm^. If the specific surface
area of a substance of this sort is 4 m^/g, its surface

energy is 1 cal/g. In most calorimetric work, the

experimental error is far greater than 1 cal/g.

As was shown before, tobermorites prepared at

room temperatures have large specific surfaces;

so S can not be neglected. Furtliermore, the
specific surface areas are variable. The conse-
quence of this is that the term "heat of hydration
of C3S" is indefinite, unless one specifies the sur-

face area of the tobermorite (G) produced in the
hydration.
The C3S and C2S used in this laboratory were

very finely ground, with an average particle size

of the order 10/x. Even so, the surfaces of C3S and
C2S can be neglected without introducing an
appreciable error. The specific surface area of

tobermorite (G) is about 1,000 times greater than
that of C3S or C2S. The surface area of the
Ca(0H)2 produced in the reaction can also be
neglected. In the paste and the bottle hydration
of C3S and C2S, Ca(0H)2 separates out as large
particles, some of which are even visible to the
naked eye. Only in the ball-mill hydration of

C2S does Ca(0H)2 acquire a sizable specific surface,

but even there it contributes only about 2 percent
of the surface of the hydration products [51].

Thus, in the hydration of the two calcium sili-

cates, specification of the surface area of tober-
morite is sufficient to define the energetics of the
reaction. The specific surface area of tobermorite
defines S and Hj^^o in eq (16).

In a reaction like that of silica gel with Ca(0H)2,
the situation is more complicated. Silica gels

usually have even larger specific surface areas
than tobermorites; so the specific surface area of

the silica gel must also be specified.

3. The surface energy of tobermorite (G), with
composition Ca3Si207-2H20, was determined by
Brunauer, Kantro, and Weise [51], and it was
found to be 386 ±20 ergs/cm^ at 23.5 °C. For a
tobermorite of specific surface area of 300 m^/g,

the surface energy amounts to 27.7 cal/g. If one
compares this with the heats of hydration of C3S
and C2S given earlier, one realizes the magnitude
of the surface energy contribution.

In earlier work in this laboratory, the surface

energies of Ca(0H)2 [54] and of hydrous amorphous
silica [55] were found to be 1,180 and 129 ergs/cm^,

respectively. The surface energy of tobermorite

(G) is very close to the geometric mean of these

values. This was expected for two reasons:

tobermorite {G) is chemically intermediate
between Ca(0H)2 and hydrous sdica, and it is

also intermediate structurally. The Ca(0H)2
used in the experiments consisted of nearly perfect

crystals, the hydrous silica was completely
amorphous, and tobermorite (G) was very poorly
crystallized.

In figure 3, the heat of solution of Ca3Si207-2H20
is plotted against the specific surface area of the

tobermorite. The 14 points represent 14 prepara-
tions, 7 obtained from the hydration of C3S
and 7 from the hydration of C2S. (The method
of preparation is shown in table 5.) The slope

of the straight line in figure 3 is the surface energy
expressed in cal/m^
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Figure 3. Variation of the heat of solution of Ca3Si207-2H20 with specific

surface area for 1.0-g samples.

In the same investigations, the heat of the
reaction

Ca3Si207-2H20(s) +H20(1) ^CasSi^Ov-SHoOCs)

(17)

was also determined. It was found to be —7,600
cal at 23.5 °C. The surface energy of Ca3Si207-
3II2O was not determined, because of experimental
difficulties, but it was estimated to be close to

that of Ca3Si207-2H20.
4. Using the heats of solution obtained for the

above 14 preparations, the heats of hydration of

C3S and C2S were calctdated.

The tobermorites in 12 of the 14 preparations
had CaO/Si02 ratios of 1.5, within the experimental
error. The two exceptions were -the two C2S
pastes, C-23 and C-24, in table 5, which had
CaO/SiO. ratios of 1.65.

For the 7 C3S preparations the heats of hydra-
tion were first calculated on the basis of the
equation

2Ca3Si05+5H20=Ca3Si20r-2H20+3Ca(OH)2 (18)

and for the 5 C2S preparations, with tobermorites
of CaO/Si02 ratio 1.5, on the basis of the equation

2Ca2Si04+3H20=Ca3Si.07-2H20+ Ca(OH)2. (19)

All of the tobermorites contained more than
two molecules of water per molecule

;
consequently,

corrections were made by using the enthalpy
change in eq (17), 420 cal/g of water. The tober-
morites also had different specific surface areas
but, using the surface energy given before, they
were all corrected to a specific surface area of
300 m^/g. The heats of hydrations thus obtained
are shown in table 5.

Table 5. Heats of hydration of C3S and C2S

For reactions shown in equations 18, 19, and 20.

Heat of C2S Heat of
C3S Method of hydra- designa- Method of hydra-

designation hydration tion, cal/- tion hydration tion, cal/-

g C3S g C2S

C-17 Paste -- - 77.5
76.0
78.7
76.4
78.5
76.0
77.5

C-23
C-24._-.
D-40--_-
D-28....
D-47-_--
D-51
r)-52___.

Paste 7.7
7.5
8.8
7.8
6.9
8.3
8.4

C-18 Paste Paste -

D-35 Bottle Bottle
D-42..._ _ Bottle Ball mill

Ball mill
Ball mill
Ball mill

D-43 Bottle
D-49 Bottle
D-50 Bottle

For the two C2S pastes the equation was

2Ca2Si04+ 3H2O= Caa 3oSi207.3o-2.30H20

+ 0.7Ca(OH)2 (20)

Corrections were made for specific surface area and
for excess water in C-24, and the results are also

shown in table 5.

It wiU be noted that the heat contents of the

hydration products of C3S are about the same,

regardless of the method of preparation. The
same is true for C2S. More accurate determina-

tions in the future may reveal differences, but for

the time being the results may be averaged. The
average heat of hydration for the C3S preparations

in table 5 is 77.2 cal/g C3S, and for the C2S prep-

arations, 7.9 cal/g C2S.

To obtain the heat of hydration for the reaction

represented by eq (3), the enthalpy changes in the

reactions shown in eqs (17) and (18) must be

combined. The result is -42,850 cal at 23.5 °C,

or 93.8 cal/g C3S. A similar calculation for the

heat of hydration of the reaction shown in eq (4)

leads to a value of -10,320 cal at 23.5 °C, or 30.0

cal/g C2S. These are the chemical heats of hy-
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dration of C3S and C2S, Hc—S in eq (16), when
the tobermorite produced in the hydration has a
specific surface area of 300 m^/g. For a tober-

morite with a different specific surface, correction

can be made by using the surface energy of 386
ergs/cm^.

5. No investigations were made to determine
the heat of adsorption of water on the tobermorite

surface, HhjO- A rough estimate can be made by
comparing the Hc—S values with the Hg values

of Lerch and Bogue [67], given earlier. Their H„
value for C2S was 62 cal/g; subtracting 30.0 cal/g

gives 32 cal/g C2S for //hjO- A similar calculation

for C3S gives 26.2 cal/g C3S for H^^o-

Comparison of eqs (3) and (4) shows that 1 g
of C2S gives 32.5 percent more tobermorite (G)

than 1 g of C3S. Thus, using 32 cal/g C^S for

Hs^o, calculation would give 24.2 cal/g C3S. The
2.0 cal/g C3S difference between this and the value
calculated above is well within the errors of the

two sets of experiments.
The specific surface areas of the hydration

products of C3S and C2S were not measured in the

experiments of Lerch and Bogue. It is unlikely

that the specific surface areas of their tobermo-
rites were equal. If the tobermorite (G) in their

hydrated C3S had about 20 m^/g greater specific

surface than that in their hydrated C2S, the 2-cal

difference would be accounted for. It was shown
before that the range of variation in the specific

surface area of tobermorite (G) is about 6 times
greater than this difference. Figure 3 indicates

that the specific surface areas obtained in the
hydration of C2S tend to be smaller than those
obtained in the hydration of C3S.

Free Energies and Entropies of Hydration

1. No experimental determinations of the spe-

cific heats of tobermorite (G) have been made to

date; consequently, the entropy change and the
free energy change in the reactions represented
by eqs (3) and (4) can not be accurately calcu-

lated. The best one can do at present is to make
an educated guess at these quantities.

The difference between the free energies of hy-
dration of C3S and C2S can be fairly accurately
calculated.

It follows from eqs (3) and (4) that

2Ai^C3S= -^7'+ 3/^Ca(OH)2— Si^CgS— 6i^H20 (21)

and

2A7^C2S= i^r+ -/^Ca(OH)2-2i^C3S-4/^H20 (22)

where Ai^css and A7^C2S are the free energies of

hydration of C3S and C2S per mole of C3S and CgS,
respectively; and Ft, i^ca(OH)2, Fc^s, Fc^b, and F^^o

are the free energies of formation of tobermorite
(G), Ca(0H)2, C3S, C2S, and H2O, respectively.

The difference is given by

AFc^s-AFc,s= Fcaion),+ i^c^s- ^€38- ^h^o • (23)

The values of T^ca (OH), and Fjj o are — 214.33 and
— 56.69 kcal, respectively [70], and those of Fc^a

and Fc^s are —516.6 and —657.8 kcal, respectively.

The last two values were calculated by using the
heats of formation of C2S and C3S given by Barany,
King, and Todd [71] and the entropy values of

Todd [10]. The difference AFc^s-AFc^s is -16.4

kcal. If one uses the value obtained by Brunauer,
Kantro, and Weise [3] for the heat of decomposi-
tion of C3S into C2S and CaO, instead of King's
value [9], AFc^s—AFc^s becomes —15.3 kcal.

2. The entropies of Ca(0H)2 and H2O at 25 °C
are 18.2 and 16.72 e.u., respectively [70], and the
entropies of C3S and C2S are 40.3 and 30.5 e.u.,

respectively [10]. The entropy change in the hy-
dration of C3S and C2S could be calculated, if the
entropy of Ca3Si207-3H20 were known.
The entropy of tobermorite (G) can be estimated

in the manner Latimer [72] estimates entropies.

The entropies of CaO, Si02, hydroxylic water, and
interlayer water in the tobermorite are estimated
to be 9.8, 13.8, 8.7, and 10.4 e.u. per mole, respec-

tively. These values lead to an estimate of 84.8

e.u. for Ca3Si207 -31120. To this, one may add 3.3

e.u. to account for the surface entropy of a tober-

morite with a specific surface area of 300 m^/g,

and the figure may be rounded out to 90 e.u., to

account for the low order of crystallinity of

tobermorite (G). The estimate is probably good
within ±5 e.u.

The entropy change in the reaction represented

by eq (3), calculated from the above data, is

— 36.3 e.u., and that in the reaction represented by
eq (4) is —19.7 e.u. It will be recalled that the

equations refer to the hydration of two moles of

C3S and C2S.

3. Using the AH values reported earlier,

-42,850 cal for 2C3S and -10,320 cal for 2C2S,

the free-energy change in the hydration of 2C3S at

23.5 °C is -32,000 cal, and in the hydration of

2C2S, —4,400 cal. The difference between AFc^s

and Ai^cjs per mole is —13.8 kcal. This is to be

compared with the more accurate value of —15.3
kcal, reported before. The agreement is not
spectacular, but it is the best that the present
authors can do with available data.

Rates and IVIechanisms of Hydration

Rates of Hydration of C3S and /S-CsS in Paste
Form

1 . Although there are sizable gaps in our under-
standing of the changes in matter and energy that

occur in the hydration of C3S and i3-C2S, there has
been a steady and significant progress since 1952,
the year of the Third International Sj^mposium
on the Chemistry of Cement. The situation is far

less satisfactory in our understanding of the rates
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and mechanisms of the hydration of C3S and C2S.
Not enough work has been done, the results of
different investigators do not agree, and few have
attempted to interpret even their own results. A
systematic and thoroughgoing investigation has
been started in this laboratory, but the results will

be available only in the future.

To be sure, the problem is not simple. The
question immediately arises, how to measure the
rate? The one direct method is to measure the
amount of unhydrated C3S or C2S remaining in the
system after various times by means of X-ray
quantitative analysis, but only van Bemst [27, 28]
and Kantro, Brunauer, and Weise [15] have used
this method so far. The latter investigators used
it in their study of the ball-mill hydration of C3S.
Van Bemst used the method extensively in study-
ing what is called the "bottle" hydration of C3S
and C2S in this paper, in which he employed a very
large excess of water. By far the most important
method of hydration is paste hydration, and the
rates of hydration of C3S and C2S in the ball mill

or in a bottle supply no information about the rates

of paste hydration. Van Bemst published a few
data on the paste hydration of C3S [27] ; these are
the only rate data in the literature of paste hydra-
tion obtained by the direct method.
Other investigators have used indirect methods,

such as the determination of the water of hydra-
tion, of the Ca(0H)2 produced in the reaction, or of

the heat evolved in the reaction. These methods
would supply reliable information about the rate of

disappearance of C3S or C2S only if the hydration
products were the same throughout the entire

reaction. It is easy to see, however, that the

products in the early stages of the reaction may be
different from those in the later stages. Reaction
probably occurs both by direct contact of the sur-

faces of the anhydrous grains with water and by
precipitation out of solution. The products of

these reactions may be different, as van Bemst
believes they are [28]. In different stages of the

reaction, the relative amounts of the products
forming by the two mechanisms may be different.

In the early stages, intermediate products may
form on the surfaces of the grains, which differ in

composition from the final products. Similarly,

in the early stages, prior to the establishment of

lime saturation in the solution, the tobermorite
precipitating out of the solution may have a lower
CaO/Si02 ratio than later. A C2S paste, which
hydrated for one day in this laboratory, had a
CaO/Si02 ratio of 1.15 in the tobermorite. Lime
saturation was established in much less than one
day, but the tobermorite had not enough time to

convert to the equilibrium product. The same
C2S hydra ting for 17 months had a CaO/Si02 ratio

of 1.65 in the tobermorite, as was shown earlier.

It is possible that changes in the hydration
products may occur not merely for hours or days,

but for months. Bogue and Lerch [49] found, for

example, that microscopical examination of a C3S
paste hydrated for three months revealed com-
plete absence of unhydrated C3S grains, whereas

the water of hydration indicated only about 80
percent hydration.

Practically all data in the literature on the rates

of paste hydration of C3S and C2S were obtained
by indirect methods. The foregoing considera-

tions show that these data cannot be directly

equated with the rate of hydration of C3S or C2S.

When, at a certain age of paste, 30 percent of the
ultimate amount of Ca(0H)2 is liberated, it is

possible that only 15 percent of the C3S has
reacted. On the other hand, it is also clear that a

knowledge of the percentage hydration of C3S by
itself is not enough. Only if the unreacted C3S,

the water of hydration, the Ca(0H)2, and the heat
evolved at each stage of hydration are deter-

mined, can one acquire a real understanding of the

process of hydration.
2. Ershov [73] summarized a part of the rate

data in the literature by stating that C3S hydrates
to the extent of 15 to 20 percent in 1 day, 35 to 50

percent in 3 days, 45 to 70 percent in 7 days,

68 to 75 percent in 1 mo, and 85 to 94 percent in

6 mo
;
13-C2S hydrates to the extent of 4 to 7 percent

in 3 days, 8 to 10 percent in 7 days, 11 to 12 per-

cent in 1 mo and up to 30 percent in 6 mo.
Actually, the range of variation is far greater

than these figures indicate. For example, the

results of Bogue and Lerch [49] indicate 45 percent

hydration of C3S in 1 day, and the results of

Knoblauch [74] indicate 86 percent hydration of

C2S in 4 mo.
Ershov did not attempt to analyze the causes

of variation. Variations in the actual rates arise

from different methods of preparation of the

silicates, from differences in the fineness of grind-

ing, differences in water/solid ratio employed and
differences in the temperature of hydration.

Variation in the results arise also from the different

methods used for rate determination.

The effect of particle size on the rates of

hydration was investigated by Anderegg and
Hubbell [75]. For fractions with mean dimensions

of 19, 22, and 25 m for C3S, and 18 and 22 ^ for

C2S, the results indicated no difference in the

rates of hydration, within their experimental

error, from 3 hr to 28 days. Sloane, McCaughey,
Foster, and Shreve [76] found no difference in

the rates of hydration of three fractions of C3S:

65 to 100 mesh, 100 to 200 mesh, and 200 to 300

mesh. In both sets of investigations, micro-

scopical examination of the hydration products

was used to determine the extent of hydration.

In contrast with these results, Steinour [77] found

a strong dependence of the rate of hydration of

C2S on particle size. A less than twofold increase

in the specific surface led to a roughly twofold

increase in the water of hydration at ages up to

42 days.

The most extensive work on the effect of water/

solid ratio was done by Work and Lasseter [78].

Whereas most investigators used a single water/

sohd ratio, usually 0.50, or at best a narrow range,

these investigators used a range from 0.06 to 1.00.

They determined the rates by measuring the
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water of hydration and the Ca(0H)2 evolved in

the reaction. The rates of hydration of C3S and
C2S increase markedly with water/solid ratio in

the range of low water/solid ratios, but the increase

is sUght from 0.45 up. For 3-months-old C3S
pastes, they reported water of hydration values

of 18.2, 19.0, and 20.4 percent for water/CgS
ratios of 0.45, 0.60, and 1.00, respectively. In

this laboratory, for 72-days-old pastes, water of

hydration values of 18.2, 19.0, and 19.3 percent

were obtained for water/CsS ratios of 0.45, 0.57,

and 0.70, respectively.

The most extensive data on the effect of tem-
perature were obtained by Schwiete and by
Knoblauch [74, 79]. They found a slight increase

in the rate of hydration of both C3S and C2S with
increasing temperature from 20 to 65 °C. They
calculated from their rate data energies of activa-

tion of 2.1 kcal for C3S and 1.8 kcal for CjS.

Though these calculations are open to question,

as will be seen later, there is no question about the

positive temperature dependence of the rates of

hydration. Schwiete and Knoblauch used a new
method for the rate determinations, dynamic
differential calorimetry.

Some data of van Bemst [27] indicate a slight

negative temperature coefficient between 4 and
40 °C. For a C3S paste, with water/solid ratio of

0.5, he obtained 52 and 65 percent hydration after

7 and 28 days at 4 °C, but only 40 and 47 percent

hydration after the same periods at 40 °C. He
measured the C3S remaining by means of X-ray
quantitative analysis.

From the foregoing, it seems probable that the

large variations in the rates of hydration, pointed
out earlier, are caused by differences in the

methods of preparation of C3S and C2S. The
nature of the raw materials used, the temperature
of burning, the rate of cooling of the burn and,
in the case of 13-C2S, the nature and the amount
of stabilizer used, may have important effects on
the rates of hydration. The effect of stabilizer

was extensively investigated by Funk [30].

Steinour [77] investigated all of these effects for
the rate of strength development of C2S. He
found that low temperature of burning and quick
quenching were especially important in producing
rapid strength development.

3. Among the data in the literature, probably
those of Bogue and Lerch [49] and Work and
Lasseter [78] illustrate the courses of the reactions
best. They measured the rates by means of the
water of hydration and the Ca(0H)2 produced,
but the results of Bogue and Lerch for Ca(0H)2,
are not reliable because they heated the hydration
products to about 530 °C prior to the lime deter-
mination. It was found in this laboratory that
such a heating resulted in a reaction between the
lime and tobermorite {G). The fact that the
free lime at complete hydration of C3S indicated
a CaO/Si02 ratio of 2.2 in the tobermorite of
Bogue and Lerch is a clear evidence that free

lime was removed from the products by heating
prior to determination. Strangely enough. Work
and Lasseter obtained the same values for free

lime whether they heated the hydration products
or not. This is another example that shows the
complexity of the system. The free-lime values
they obtained for C3S after 6 mo of hydration
indicated a tobermorite with CaO/Si02 ratio of
1.6, or somewhat less.

The "fixed water" of Bogue and Lerch for com-
pletely hydrated C3S agrees well with the water of

hydration obtained in this laboratory by {D)-
drying. The 1-yr-old C3S paste, with a water/C3S
ratio of 0.50, appears to be completely hydrated.
If one uses the water of hydration as a measure of

the percentage hydration, one obtains the values
shown in table 6, row 1. In curve 1 of figure 4,

the percentage hydration is plotted against the
logarithm of time in days. The logarithmic scale
is used just to be able to represent the data clearly
from 1 day to 2 yr. The data of Bogue and Lerch
indicate practically no hydration between 28 days
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Table 6. Rates of hydration of C3S and /3-C2S

Water/solid ratio=0.50

Substance

C3S
C3S
C3S
C3S

/3-C2S
/3-C2S

^-C2S

Investigators

Bogue and
Bogus and
Work and
Work and
Bogue and
Bogue and
Work and

Lerch...
Lerch...
Lasseter
Lasseter
Lerch __

Lerch __.

Lasseter

Method of determination

Water of hydration
Strength
Water of hydration
Calcium hydroxide.
Water of hydration
Strength
Water of hydration

Hydration, percent

1 day 3 days 7 days 28 days 3 mo

46.3
12.8
24.2
27.6
5.0
0.0
5.3

54.2
24.8

7.7
0.4

63.2
52.7
40.6
47.8
10.8
1.0
9.4

76.8
62.8
58.3
75.8
2L6
6.3
15.2

80.0
62.8
72.7
90.0
56.6
36.0
44.0

6 mo.

78.9
86.8
(90. 0)

(90. 0)

68.8
52.7

(68. 8)

1 yr

100.0
91.2

(77. 7;

71.4

2 yr

97.9
100.0

77.0
100.0

and 6 mo. Since no other data in the hterature
indicate such behavior, the curve was drawn by
disregarding the 6-mo point. The 3-mo point

is also somewhat too low.

Work and Lasseter obtained data only up to 6

mo. If it is assumed that their C3S paste was 90
percent hydrated at that time, one obtains the
percentage hydration values shown in table 6,

rows 3 and 4. The first is based on water of

hydration, the second on free Ca(0H)2. It was
shown above that the Ca(0H)2 values of Work
and Lasseter were fairly reliable. They did not
use a water/CsS ratio of 0.50, but interpolation
between their ratios of 0.45 and 0.60 gave values
for the ratio 0.50.

Plotting the average of the values shown in

rows 3 and 4, table 6, gives curve 2 of figure 4.

There are two notable differences between curves
1 and 2. The C3S of Bogue and Lerch was 45
percent hydrated in 1 day; that of Work and
Lasseter was only 26 percent hydrated. Both of

these values are in agreement with values obtained
by other investigators. A value of 41 percent
hydration in 1 day was obtained by van Bemst [27]

for one of his C3S pastes, using X-ray analysis to

determine the unhydrated C3S. A value of 28
percent was obtained in this laboratory for a
1 -day-old C3S paste, using water of hydration and
Ca(0H)2 to measure the rate.

The second difference is that the C3S of Work
and Lasseter hydrates faster after 1 day than the
C3S of Bogue and Lerch. It is not certain that the
former catches up with the latter in 1 yr—this is

based on the somewhat uncertain assumption that
the percentage hydration of the former was 90
percent in 6 mo. It is certain, however, that the
slope of curve 2 is greater than that of curve 1.

4. The /3-C2S paste of Bogue and Lerch, like-

wise with water/solid ratio of 0.50, did not reach
complete hydration in 2 yr. The extent of hydra-
tion after 1 yr was calculated on the basis of eq (19)

of the present paper to be 77.7 percent, and the
values in table 6, row 5, for other ages are based on
this figure. It was assumed that the C2S of Work
and Lasseter, after 6 mo, was hydrated to the
same extent as that of Bogue and Lerch, 68.8
percent, and the values in table 6, row 7, for other
ages are based on this figure. As curve 3 of figure

4 shows, both sets of data can be represented by
one curve.

It appears from the curves of figure 4 that the
course of the hydration of C2S is very different

from that of C3S. The initial hydration of C2S
is much slower; there is only 5 percent hydration
in 1 day and 10 percent hydration in 7 days.
The hydration appears to stop after about 1 yr,

when about of the C2S is still unhydrated. The
most remarkable difference is in the time range
from 3 days to 3 mo. In this period, the rate of

hydration of C3S diminishes strongly, whereas the
rate of hydration of C2S does not diminish at all.

In fact, both the data of Bogue and Lerch and
those of Work and Lasseter indicate an increase

in the rate of hydration of C2S; the former a

small increase, the latter a considerable increase.

The average rates from the two sets of data are

0.40 percent C2S per day from 7 to 28 days, and
0.51 percent C2S per day from 28 days to 3 mo.
Such an increase in rate is not unknown in re-

action kinetics, and it is usually attributed to a

catalytic effect of a hydration product.
The increase in rate appears to come about when

15 to 20 percent of the C2S is hydrated. If a

similar autocatalysis operates in the hydration of

C3S, it should occur in the course of the first day
of hydration. Forbrich [80] actually found such
an increase in rate for C3S. Using a conduction
calorimeter to measure the heat evolved, he ob-

tained an initial heat evolution of about 1 cal/g

C3S per hour. The rate was still about the same
after 4 hr, but then it began to climb, and it

reached a maximum of about 3 cal/g C3S per hour
in 9 hr. The evolution of 1 cal/g C3S corresponds

to a hydration of about 0.8 percent.

As far as one can judge from the curves of

Schwiete and Knoblauch [74, 79], their C2S did

not exhibit any autocatalysis.

5. Bogue and Lerch determined the compressive
strengths of their hydrated C3S and C2S pastes.

The strengths kept on increasing steadily from 1

day to 2 yr. Taking the compressive strength

values at 2 3T:- as 100 percent, the percentages of

the ultimate strength developed at different ages

are shown in table 6, rows 2 and 6. The strength

lags considerably behind the extent of hydration

in the first 3 days for C3S and in the first 3 mo
for C2S. Only when the hydration is about two-

thirds complete, in 7 days for C3S and in 6 mo
for C2S, does the percentage of the ultimate

strength approach the percentage hydration. The
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strength keeps on increasing after hydration stops;
the increase between 1 and 2 yr is almost 10 per-
cent for CgS and about 40 percent for C2S.

Steinour's results [77] for the early hydration
and strength development of C2S show that
strength development lags behind extent of hy-
dration up to 28 days, both for high and low
surface C2S.

Bernal, Jeffery, and Taylor [7] examined quali-
tatively, by means of X-rays, the hydration
products of C3S, and compared their results with
the strength data of Bogue and Lerch. They
came to the conclusion "that only a small amount
of hydrate is needed in order to cement together
the grains of the unchanged anhydrous com-
pounds, and of the aggregate also, when this is

present. Further reaction does not lead to any
increase in strength and, indeed, could conceiv-
ably cause a decrease." The data of Bogue and
Lerch, as well as those of Steinour, show that this

conclusion is not correct.

The strength developed by a C3S or C2S paste
at a given age shows as much variation from
investigator to investigator as the extent of hy-
dration, if not more. Ershov [73] finds, for ex-
ample, that the ratio of the strength of C3S to
that of C2S is "approximately 50 for specimens at
the age of 3 days and about 5 for specimens aged
1 year." The results of Bogue and Lerch indicate
that the ratio is about 50 at 3 days, but 1 rather
than 5 at 1 yr. Ershov gives the ratios of the
strengths at 28 days to those at 3 days the values
2 for C3S and 6.7 for C2S, whereas the values of
Bogue and Lerch are 2.5 and 15, respectively.

Steinour's data [77] show especially well the
magnitude of the effects of methods of prepara-
tion and fineness of grinding of C2S on strength.
Using a water/C2S ratio of 0.40, he obtained com-
pressive strengths ranging from 320 to 1,560 psi
after 7 days, from 880 to 4,350 psi after 28 days,
and from 2,270 to 11,250 psi after 6 mo.
Funk [30] hydrated C2S with water vapor at

100 °C, and obtained a powder without any
strength. He stated, "Electron micrographs
show, in conformance with the loose structure of
the preparations that water vapor action produces
only loosely piled, acicular fibrous units. Ac-
cording to this, the high-lime tobermorite-like
phase is not necessarily formed out of the solution
phase. However, the aqueous solution phase
must be present if hardening of the mass is to

be produced."

Hydration in Excess Water

1. The m.ost extensive data on the rates of
hydration of C3S with a large excess of water were
obtained by van Bemst [28]. The ratio of water
to silicate ranged from about 100 upward; in

certain experiments saturated Ca(0H)2 solution
was used instead of water. The hydration was
performed in polyethylene containers, constantly
agitated in a thermostat. Temperatures of 25,

40, and 60 °C were employed. This method of

hydration is similar to the "bottle" hydration

used in this laboratory and described earlier in

the present paper.

The course of the hydration of C3S as observed
by van Bemst may be summarized as follows.

The silicate rapidly dissolves in water, and hydrate
I, a low-lime tobermorite, is precipitated out of

the solution. The CaO/Si02 ratio in the tober-
morite is, presumably, the one that corresponds
to the lime concentration in the solution according
to figure 1 of the present paper; prior to lime
saturation it is always less than 1.5. As the lime
concentration in the solution increases, the solu-

bility of C3S diminishes, which results in a
diminishing rate of hydration.

If at the time when saturation is reached the
C3S is less than half hydrated, the hydration
virtually stops. There may be 30 or 40 percent
unhydrated C3S in the system, the solution may
even be supersaturated with respect to Ca(0H)2,
and still there is no appreciable hydration between
28 and 56 days.
When the concentration exceeds 0.020 mole of

CaO per liter, which corresponds to lime satura-
tion at 25° and supersaturation at 40 °C, hydrate
n appears as the hydration product of C3S. At
60 °C this concentration was not reached in van
Bemst's experiments, and only hydrate I was
obtained. Van Bemst identified his hydrate II

with Taylor's C2SH(II), and this is probably
correct. It was shown earlier in this paper that
the bottle hydration of C2S in this laboratory
resulted in a product that appeared to be identical

with Taylor's CaSHlII).
When the hydration product is hydrate II, the

rate is faster if less water is present. At a given
temperature, the rate is fastest in a saturated lime
solution. When water is used, lime saturation is

reached faster if the amount of water is smaller;
consequently, the rate is faster. Van Bemst con-
cluded that the hydration was the fastest in the
paste form, because of the very low water content.
Funk [30], investigating the hydration of C2S at

higher temperatures, also came to the conclusion
that increasing the quantity of water diminished
the rate. At 100 °C, with a water/C2S ratio of 3,

he obtained about 50 percent hydration in 10

days, and no appreciable further hydration took
place in the next 20 to 30 days. On the other hand,
with a water C2S ratio of 0.5, complete hydration
was obtained in 4 to 15 days.

In contrast with van Bemst and Funk, Brunauer,
Kantro, and Copeland [14] found that bottle

hydration, with a water/solid ratio of 9, was much
faster than paste hydration, with a water/solid

ratio of 0.7. Table 1 of the present paper shows
that bottle-hydrated C2S, D-40, reached the same
extent of hydration in 162 days as paste-hydrated
C2S, C-23, did in 17 mo. Bottle-hydrated C3S
preparations reached 97 percent hj-dration in 48
days, whereas it takes more than 6 mo to reach
that stage in the paste form.
Both van Bemst and Funk found that the rate

of hydration increased with increasing tem-
perature.
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Van Bemst has advanced the hypothesis that
hydrate I forms by precipitation out of solution,

but hydrate II forms by reaction of the silicate

surface with water. This may well be true, but
further experiments are needed to test the hypoth-
esis, as well as to explain the discrepancies in the
experimental results discussed above.

2. The rate of hydration of C3S in a small steel

ball mill with a water/CsS ratio of 9, was investi-

gated by Kantro, Brunauer, and Weise [15].

Whereas the hydration of C2S in the ball mill

produces tobermorite {G) [14], the ultimate
product of hydration of C3S in the ball mill is

afwillite [13].

The investigators used X-ray quantitative
analysis to determine the amounts of C3S and
afwillite in the reacting system. In about 31 hr,

the C3S disappeared completely, but there was
only about half as much afwillite produced as eq

(3) of the present paper would indicate. The
reason for this was that an intermediate compound
formed first, which the investigators called

hydrate III. It took about 25 days until the
unstable hydrate III converted completely to

afwillite.

The rate of disappearance of C3S was found to

be proportional to the surface area of the grains

exposed to the steel balls. This indicated that

hydrate III formed on the surfaces of the grains,

and the rate determining step was the removal
of the coating from the grains. The conversion
of hydrate III to afwillite did not begin immedi-
ately upon the appearance of the former in the
system. There was an induction period of about
6 hr which indicated an autocatalytic mechanism,
i.e., a rate dependent on the concentrations of

both afwillite and hydrate III.

The properties of hydrate III were found to be
very similar to those of tobermorite {G) with
respect to CaO/SiOa ratio, water content, heat of

solution, heat of hydration, specific surface area,

and surface energy. They differ only in two re-

spects. Hydrate III shows only one very broad
X-ray diffraction line, that corresponding to the
strongest line of tobermorite {G), at about 3 A,
whereas tobermorite {G) shows three diffraction

lines. Hydrate III is unstable and converts to

afwillite, whereas tobermorite {G) does not. A
mixture of 50 percent C2S and 50 percent C3S by
weight was completely hydrated in the ball mill.

No X-ray quantitative analysis was performed on
the hydration products, but inspection of the
diffraction patterns indicated that tobermorite {G)

and afwillite were present in the proportion cor-

responding to independent hydration of C2S and
C3S.

Hydrate III appears to be a form of tobermorite
with a structure so disordered that it exhibits only
a single X-ray diffraction line. Just why it con-
verts to afwillite rather than to a better crystal-
lized tobermorite is not known at present.

Mechanisms of Hydration

1. When C3S or C2S is brought in contact with
water, reaction may occur at the surfaces of the
grains or in the solution phase. The surface of

C2S consists of Ca++ ions and Si04*~ groups, that
of C3S consists of these plus O" ions. These ions

enter the solution as aqueous Ca+"'", 0H~ and hy-
drosilicate ions. When 0.25 g of C3S was dis-

solved in 1 liter of water with vigorous stirring,

in this laboratory, the electrical conductivity
corresponded to the concentrations and mobilities

of the Ca++, 0H-, H3SiOr and H2Si04- ions for

congruent solutions. Under other conditions,

however, the different ions may dissolve at dif-

ferent rates.

In the solution mechanism, the hydrated ions
form at the surface, diffuse away from the surface,

react with each other to form tobermorite mole-
cules, the molecules form nuclei, the nuclei grow,
colloidal particles precipitate and flocculate. Prac-
tically nothing is known about the rates of these

individual steps in the reaction.

Tobermorite may form directly on the surfaces

of the silicate grains and may stay there. The
hydrated grain surfaces may also serve as nuclei

for the precipitation of tobermorite out of solution.

In either case, a tobermorite gel coating would
form on the surface, and the coating would grow
in thickness with time. Whether further reaction

proceeds on the surface or in solution, water and
the ions must diffuse through this gel layer prior

to reaction. Again, very little is known about
the rates of the individual steps in this mechanism.
Ca(0H)2 separates out of the solution as rela-

tively large particles. These particles are over-
laid by tobermorite gel and, not infrequently, they
grow around and occlude tobermorite gel. When
hydration is observed in a microscope, gel appears
to form on the surfaces of the slide and the cover
glass, at considerable distances from the grains.

Such evidence shows clearly that a part of the
tobermorite forms by precipitation from solution.

On the other hand, hydration can also take place
without the presence of hquid water. Funk [30]

hydrated C2S by water vapor at 100 °C and, in

this laboratory, C3S was hydrated by water vapor
at room temperature. In these experiments,
probably, the surface reaction mechanism is opera-
tive.

Not much is known about the relative impor-
tance of the two mechanisms in various stages of

the reactions between the silicates and water. It

is generally believed that, in the later stages of

paste hydration, diffusion through the gel layer

becomes the rate-controlling step, but it is not
known when these stages are reached by C3S and
C2S under different experimental conditions.

2. Le Chatelier [81] was the first to advance the

solution and precipitation mechanism. Baikov
[82] distinguished three steps in the hydration
process. The first is the solution step, during
which water becomes progressively saturated.

The second is the "coUoidization" step, during

160



which precipitation of colloidal particles takes
place. This corresponds to the beginning of tlie

setting process. The third is the "crystaUization"
step, during which the gels are transformed into
crystalline aggregates. This is the period of
hardening.
Though both Le Chatelier and Baikov advanced

their hypotheses for the hydration of cements,
subsequent investigators applied them to the hy-
dration of calcium silicates as well. This is

natural, since C3S and portland cement are quite
similar in their setting and hardening character-
istics.

The Soviet investigators have adopted the
Baikov hypothesis with various modifications and
additions. A modern version of it is described by
Rehbinder [83], who, on the basis of his own work
and that of his coworkers, also distinguishes three
stages in the hydration process. He states that
"setting and hardening represent a complex of
hydration processes developing in time, of a self-

induced dispersion of cement particles (minerals
of cement clinker), of a formation of coagulated
thixotropic structures, and of the development on
these as a base of a crystalline structure of new
hydrated formations through crystallization out
of a supersaturated water solution." These proc-
esses occur most rapidly in the hydration of C3A,
next comes C4AF, then C3S, and finally C2S.
The first step in the hydration of C3S or C2S,

accordingly, is the breaking up of the coarse
grains into particles of colloidal dimensions. The
grains have micro-cracks and other types of

defects, and water and various ions, penetrating
into the cracks and the weak spots of the lattice,

produce dispersion. The surfaces of the dispersed
colloidal particles are covered with hydration
products. Rehbinder states, "The presence of a
highly dispersed colloidal fraction appears, in this

manner, as a necessary condition of the thixot-

ropy of a coagulated structure." He identifies

the setting process with the formation of a
coagulating structure, which hardens reversibly,

i.e., thixotropically.

The presence of the dispersed silicate particles

and of the hydration products, which are very
small, brings about a supersaturation of the solu-

tion. "A crystallization of new formations out of

the supersaturated solution takes place as a result

of the appearance and growth of surface nuclei of

crystallization." Thus, on the coagulated struc-

tiu-e as a base, at first a more or less open crystal-

line structure of the hydration products develops;
however, as time passes, the crystalline structure

becomes denser by the addition of further products
of hydration. At this stage, the hydration pro-

gresses more slowly, because the unhydrated cores

of the colloidal particles are covered by hydration
products. This is the process of hardening which,
in contrast with the setting process, develops an ir-

reversible and much stronger crystalline structure.

The present authors are acquainted only with a
small fraction of the literature on which the above
conclusions of Rehbinder are based. Because of

the shortness of time available for the writing of
this paper and because the authors, unfortunately,
do not read Russian, they have been handicapped
in reporting the Soviet literature on the hydration
of C3S and C2S. They hope that some of their

Soviet colleagues will make up for this deficiency

by attaching discussions or supplementary papers
to the present paper. With respect to the above
mechanism of hydration, they wish to make three
comments, and they hope that Professor Rehbinder
or one of his colleagues will clarify these points.

(a) In the paper cited [83], experiments are
described showing that the surface of hydrating
C3A increases twenty-fold in the first 30-40
minutes. The present authors do not see that
this reveals anything about the self-induced dis-

persion of C3A particles; the growth of siu-face

may be caused entu'ely by the larger specific

surface of the hydration products. The specific

surface area of tobermorite, for example, is about
1,000-fold greater than that of C3S; 2 percent
hydration, therefore, would cause a twenty-fold
increase in the surface. This much hydration
probably occurs in the first few minutes.

It is entirely reasonable to expect the kind of

dispersion of grains described by Rehbinder, but
it may be a relatively slow process. The auto-

catalytic processes in the hydration of C3S and
C2S, described earlier, could be explained by such
a splitting of the grains. Because the rate of

hydration is proportional to the surface of the

unreacted silicate in both the solution and surface

reaction mechanisms, formation of new surfaces

of the reactant would increase the rate. If grain

splitting is the true explanation of autocatalysis,

the rate of splitting becomes significant in hours

for C3S and in days for C2S. This sort of splitting

would have nothing to do with thixotropy, which
is probably established in far shorter times.

(b) In general, the present authors do not see

the connection between thixotropy and dispersion

of the grains of the silicates. Thixotropy is

caused by the appearance of tobermorite in the

system. "Lewis, Squires, and Broughton [84]

point out that some clay suspensions in water,

containing as little as 0.1 percent sohds, exhibit

thixotropy, and hydrating C3S contains far more
than this quantity of tobermorite immediately

after mixing with water.

(c) Rehbinder seems to draw a clear-cut dis-

tinction between "coagulating structure" and

"crystalline structure." As far as degree of

crystalhnity is concerned, tobermorite in the

completely hydrated and hardened paste, i.e., in

Rehbinder's "crystalline structure," is still very

poorly crystallized; its X-ray diffraction pattern

contains only three lines. The present authors

wonder whether tobermorite in the early "coagu-

lating structiu-e" is any different in degree of

crystallinity, or in any other respect, from the

tobermorite obtained later.

3. Thixotropy, setting, and hardening are phe-

nomena accompanying the formation of more and
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more tobermorite in the hydrating system. Ac-
cording to current theory [85], thixotropic gels are

made up of particles which are in contact at

certain points only. The particles usually have
the shapes of rods or plates ; the rods probably form
contacts at the ends, and the plates form contacts
between oppositely charged edges and plane sur-

faces. The forces are van der Waals and electro-

static; they are sufficiently strong to hold the

system together in a network structure at a low
concentration of particles in the solution, but they
are not so strong as to prevent breaking of the

bonds between the particles by a small shearing

stress. By changing the pH or the ionic strength

of the solution in contact with the solid surfaces,

Kruyt and his coworkers [86] were able to change
the forces of attraction and repulsion between the
particles in thixotropic gels.

Tobermorite consists of fibers or sheets; con-
sequently, its morphology is suited for the forma-
tion of a thixotropic gel. Its surface is ionic, so

both electrostatic and van der Waals forces are

present. In some experiments performed in this

laboratory, alite exhibited thixotropy by the time
the first measurements could be made, which was
15 min after mixing with water. Tobermorite,
obtained by the reaction of silica and Ca(0H)2 in

water at 85 °C, exhibited different degrees of

thixotropy when the reaction was carried out
with and without stirring. Also, when a thixo-

tropic gel was obtained without stirring, shearing

action transformed the gel into a sol, which on
standing did not revert back completely to the
original gel structure. This lack of complete
reversibility in thixotropic properties may well be
a characteristic of the tobermorite obtained in the
paste hydration of C3S as well.

One of the requirements for setting is that
enough hydration products should form in the
system, but this may not be the whole story.

Bogue and Lerch [49] reported initial setting

times of 3.7 and 4.7 hr for C3S and C2S, respectively,

and final setting times of 6.0 and 24.0 hr, respec-

tively. Although the extent of hydration was not
determined by them for times less than 24 hr, it

seems likely that more C3S hydrated in 3.7 hr
than C2S in 4.7 hr. Another requirement for

setting may or may not be the formation of

chemical cross-links between tobermorite (G)

fibers at the areas of contact. This may come
about through calcium ions, or by hydrogen
bonding, or by condensation of Si(0H)4 groups,
forming siloxane linkages. Even if such chemical
linkages are present to a certain extent, the
predominating forces must be electrostatic and
van der Waals. That the binding between
fibers is not very strong is indicated by the fact

that Copeland was able to disperse completely
hydrated and hardened C3S and C2S pastes by
ultrasonic agitation.

A true understanding of the mechanisms of

thixotropy, setting and hardening of C3S and C2S
stUl lies in the future.

4. Hansen [87] has proposed that the hydration
of the sUicates occurs through diffusion of water
into the solid and diffusion of lime out of it. The
experiments of McConnell [88] and Nacken [89]

appear to support this hypothesis. JefTery [90]

described McConnell's results as follows.

"McConnell at Cambridge, in his investigations

of Ballycraigy and Scawt-Hdl minerals, has
found bredigite (a-C2S) and larnite (18-C2S),

hydrated to tobermorite (or plombierite, in his

nomenclature). The hydrate occurs as pseudo-
morphs of the original C2S crystals. In the case
of larnite the characteristic delicate twinning is

preserved in the hydrate, alternate lamellae
extinguishing together under crossed nicols. . . .

Much of the tobermorite occurs as a horrogeneous
flintlike sheath, up to five centimeters thick,

round nodules of unaltered larnite. .

McConnell concludes that detailed study of the
gel so formed indicates that the process of hydra-
tion is a solid reaction which is effected by
diffusion."

Nacken found similar evidence for the hydration
of C3S. He observed under the microscope that
C3S hydrated from the surface, then the reaction
progressed inward. The product formed a pseudo-
morph of the original grain of C3S.

A simple calculation shows that the tobermorite
gel formed in the hydration of C2S occupies con-
siderably more space than C2S itself. This is

true, to a lesser extent, of C3S also. This was
pointed out by Powers [91]. It is clear, therefore,

that the pseudomorphs observed by Nacken and
McConnell could not contain all the tobermorite
formed in the hydration of the particular C3S and
C2S grains. It follows also that not only lime
difl^uses out of the solid, but silica as well.

5. Schwiete and Knoblauch [74, 79] found that
the hydration of C3S followed a reaction equation
of the third order, and the order for C2S was 1.5.

They did not interpret the meanings of these

orders. Plotting the logarithms of the rate

constants against the reciprocals of the absolute

temperatures, they obtained the energies of

activation reported earlier in this paper. It is

doubtful that the energies of activation thus
obtained are energies of activation in the true

sense of that term. The smaU positive tempera-
ture coefficients seem rather to indicate a diiffusion

controlled reaction mechanism.
Zur Strassen [92] interpreted the results of

Schwiete and Knoblauch in terms of a diffusion

mechanism. If the thickness of the gel layer is

called y, one can make the simple assumption that

^= k Sindy=kt. (24)

This may happen when the reaction at the water-
solid interface is slower than the diffusion of wate r

through the gel layer. If water in the reaction zon e

is used up more rapidly than it is supplied by dif-

fusion through the gel, one may assume that the
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rate is inversely proportional to the thickness of

the gel layer,

^=^k8indy=k'ti- (25)

Apart from an initial faster reaction in the first

few days, the hydration of C2S obeys equation 24

up to about 120 days. At that time about 80 per-

cent of the C2S is hydrated; after that time, the

reaction slows down. On the other hand, the hy-
dration of C3S obeys equation 25, up to about 30
days. For C3S also there is an initial higher rate

and a final lower rate. The conclusion is that,

throughout most of the hydration process, the

reaction occurring at the interface is the rate con-

trolling step in the hydration of C2S, but diffusion

through the tobermorite gel is the rate controlling

step in the hydration of C3S. The final slowing
down in the hydration of C2S is explained by the
building up of the gel layer—when the layer be-
comes sufficiently thick, diffusion becomes the rate
controlling step. However, the final slowing down
in the hydration of C3S is not explained.

Although zur Strassen's approach is undoubt-
edly an oversimplification of the problem, it con-
stitutes a good beginning toward a quantitative
treatment of the part of the hydration process
which is diffusion controlled. However, much
painstaking experimental and theoretical work
must be performed before an adequate under-
standing of the mechanisms of the hydrations of

C3S and C2S will be achieved.
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Paper III-2. Hydrothermal Reactions in the System CaO-Si02-
H2O and the Steam Curing of Cement and Cement-Silica
Products*

H. F. W. Taylor

Synopsis

The field is reviewed under the following headings: (I) Introduction and nomenclature;
(II) Experimental methods; (III) Individual ternary phases; (IV) Some general consider-
ations; (V) Hydration of C3S, C2S, and neat cement in pastes cured at elevated temperatures;
(VI) Reactions occurring in lime-silica and cement-silica pastes cured at elevated tempera-
tures. The aim of sections (I) to (IV) is to summarize existing knowledge and problems
in the field of fundamental studies on the system CaO-Si02-H20 at or above 100 °C.
These studies constitute the background for ones bearing more directly on technical practice
which are reviewed in sections (V) and (VI). In section (V) the reactions in C3S and 0-C2S
pastes are chiefly considered; they serve as a model for the more complex ones occurring in

neat cement pastes. In section (VI), reactions in lime-quartz pastes are similarly considered
as a model for the case of cement-silica pastes.

The conditions under which poorly crystalUzed tobermorite minerals are formed hydro-
thermally are discussed, but not the constitution of these phases, as this is reviewed elsewhere
in this symposium.

Resume

La question est revue sous les titres suivants: (I) Introduction et nomenclature;
(II) M^thodes exp^rimentales; (III) Phases ternaires individuelles; (IV) Considerations
g^n^rales; (V) Hydratation de C3S, de C2S, et de ciment en pate pure conserv^e k des tempera-
tures eiev^es; (VI) Reactions qui se produisent dans les pates silice-chaux et silice-ciment
conserv^es a des temperatures eievdes. Les sections (I)-(IV) ont pour but de r^sumer
les connaissances actuelles et les problemes dans le domaine des etudes fondamentales sur
le systeme CaO-Si02-H20 k 100 °C ou k une temperature plus eievee. Ces etudes
constituent la base pour des etudes qui portent plus directement sur la pratique technique,
et qui sont revues dans les sections (V) et (VI). Dans la section (V) ce sont surtout les

reactions dans les pates de C3S et de j3-C2S qui sont considerees; eUes servent de modele pour
les reactions plus complexes qui se produisent dans les pates pures de ciment. Dans la

section (VI) les reactions dans les pates quartz-chaux sont egalement examinees en tant
qu'eUes constituent un modele pour I'etude des pates silice-ciment.

L'expose examine les conditions sous lesquelles les mineraux tobermorites faiblement
cristallises sont formes hydrothermiquement, mais la constitution de ces phases n'est pas
discutee puisqu'elle est revue dans une autre partie de ce symposium.

Zusammenfassung

Der Diskussionsgegenstand wird in den folgenden Kapiteln behandelt: (I) Einflihrung
und Nomenklatur; (II) Experimentalmethoden; (III) Individuelle ternare Phasen; (IV)
Einige allgemeine Gesichtspunkte; (V) Hydratation des C3S, des C2S und der Purzement-
pasten, die bei hoheren Temperaturen gelagert werden; (VI) Reaktionen, die sich in Kalk-
Kieselerde und Zement-Kieselerde-Gemischen, die bei hoheren Temperaturen gelagert
werden, abspielen. Es ist der Zweck der Kapitel (I)-(IV), die vorhandenen Kenntnisse
und die Probleme, die die Forschungen im System CaO-Si02-H20 bei und uber 100 °C
noch offengelassen haben, zusammenzufassen. Diese Forschungen haben groCe Bedeutung
als das Grundwerk ftir andere, die den technischen Mann mehr interessieren, und die in

Kapitel (V) und Kapitel (VI) besprochen werden. In Kapitel (V) werden tiberwiegend die
Reaktionen in C3S und in /3-C2S Fasten besprochen; sie sind Modelle ftir die komplizierteren
Reaktionen, die in Purzementpasten auftreten. In Kapitel (VI) werden die Reaktionen in

Kalk-Quarz-Gemischen in der gleichen Weise behandelt; sie dienen als das Modell fiir die

Zement-Kieselerde-Gemische.
Die Bedingungen, unter welchen schlecht kristalUsierende Tobermoritmineralien

hydrothermisch gebildet werden, sind besprochen, aber auf den Phasenaufbau wird nicht
naher eingegangen, weil dies in anderen Vortragen dieses Symposiums behandelt wird.

•Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from the Department of Chemistry, University
of Aberdeen, Scotland.
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Introduction and Nomenclature

Table 1. The hydrnted calcium silicates {excluding the

tobermorite group) «

Name used in this
review •>

Nekoite
Okenite
Z-phase [1,2]

Gyrolite
Reyerite
Xonotlite
Foshagite
Afwillite -

Phase Z [4]

CeSfH,
Foshallassite [7] °

Phase F [8] «

C2Sa-hydrate

Hillebrandite

Phase Y [4]

Calcio - chondiodite
[14].

Tricalcium silicate

hydrate.

Probable or ap-
proximate compo-

sition

7 or 8

2
2

2
3

1

1

3
do

3

3

2

1

Principal other names in the
literature •>

CS2H2 [3].

Centrallassite.
Truscottite.

1.5 C/S gamma-type hydrate
[5].

CioSsHe [6j, C2SH(A) [9], dieal-

cium silicate hydrate (I) [10].

C2SH(J) = 1.60) [6], C2SHO)
[9], C2S /3-hydrate [11], di-

calcium silicato hydrate (II)

[10].

C6S3H2 [6], C2SH(D) [9],

C2SH0.5 [12,13].

Phase X [4].

» So-called "C2S -y-hydrate" (synonyms; C2S[i(C) [9], dicalciu^ silicate

hydrate (III) [10], C2S aq. [6], Phase X* [4], C2SH(CI), and C2SII(CII)[ 13] is

probably a rrixture of calcio-chondrodite and Phase Z. So-called "CSil(A)"
[9] is probably a quaternary phase containing CO2, substantially identical
with the mineral scawtite.

References are given only where necessary to avoid confusion
" Phases described by only one investigator.
d Phase probably varies in composition, perhaps over the range C3S2

—

CeS3H2 • aq.

Table 2. The tobermorite group. Tentative system of
classification and nomenclature

C/S ratio

Below 1.5 (near
0.83 when tuUy
crystalline).

1.5 and over (prob-
ably 1.5-1.75

when fully

crystalline).

Degree of crystaUinity

High

Complete X-ray
powder pattern
with hkl reflec-

tions.

'14-A tober-
morite »

11.3-A tober-
morite
or tober-
morite

9.35-A tober-
morite

,or riversideite
"12.6-A tober-

morite""
"10-A tober-

. morite"<=

Low

Poor X-ray
powder pat-
tern with
(mainly) basal
and Ilk or hkO
reflections.

CSH(I) i..

CSH(II) '..

Very low

Very poor X-ray
powder pat-
tern consisting
of one or more
hk lines or
bands. No
basal reflec-

tions.

Plombierite.«

CSH gel.e

Notes and synonyms.
• Syn. plombierite [15].

*> Syn. C4S5Hi [6], well-crystallized calcium silicate hydrate (I) [16].

« The assumption that these species have C/S>1.5 is purely tentative.
<i Crumpled foils. CSH(I) is here short for "calcium silicate hydrate (I)"

and does not imply CSH composition. Syn. CSH(B) [9], 0.8-1.33 C/S
hydrate [17], etc.

« Gelatinous natural mineral of composition Co.sSHz [18].

' Fibrous. CSH(II) is here short for "calcium silicate hydrate (II)" and
does not imply CSH composition. Syn. C2SH(II) [19], C2SH2 [9], 1.5-2.0
C/S hydrate [17], etc.

e Short for "calcium silicate hydrate gel," the phase formed in CsS pastes
at room temperature; or any other similarly ill-crystallized material of similar
composition. Syn. tobermorite (G) [20], Hydrate (III) [21], etc.

An understanding of the chemistry of cement
hydration at elevated temperatures rests first and
foremost on a knowledge of the conditions of

formation, crystal structures, and properties of

the hj^drated calcium silicates. The number of

these phases is quite large, and it is not surprising
that different investigators have evolved their

own systems of nomenclature. Tables 1 and 2
show the names that will be used in this paper,
together with the probable or approximate com-
positions of the phases, and the principal other
names that have been used for them. The
naming of the phases structurally related to

tobermorite (table 2) is particularly difficult

because some of them are badly crystallized and
continuous variations in both composition and
degree of crystaUinity appear to exist. Any
system of classification or nomenclature m.ust

therefore contain a large arbitrary element. That
proposed in table 2 has been kept as simple as

possible, and as knowledge increases further

subdivisions will probably be needed. Thus
there are indications of more than one variety
of 11.3-A tobermorite, and the same is true of

CSH(II) and perhaps of other cases. For certain

purposes a more detailed terminology will thus
eventually be needed. On the other hand, there

is also an evident need for broader terms usable
where it is impossible or undesirable to be more
specific. Terms such as "tobermorite minerals,"
"tobermorite-like phases," and "tobermoritic ma-
terial" have been used; some workers use the

name "tobermorite" to include the entire group.

In this paper the name "tobermorite" will (unless

qualified) be restricted to the well crystallized

phase with a basal spacing of about 11.3 A.

The following broader terms will be used:

Tobermorite mineral: any phase or mixture of

phases from the entire group.

CSH (short for "calcium silicate hydrate"):

any phase or mixture of phases with a degree of

crystaUinity defined in table 2 as "low" or "very

low." Assarsson [1, 2]^ used the term "phase

B" in a roughly similar context; some workers

refer to some or all such phases as "gels."

The name "crestmoreite" is used for the oriented

intergrowths of tobermorite and apatite minerals

which occur at Crestmore, Calif.

No attempt will be made in this review to

discuss in detail all the earlier work on the CaO-
Si02-H20 system under hydrothermal conditions;

for this purpose, earlier reviews [11,19,28] may
be consulted.

1 Figures in brackets indicate the literature references at the end of this

paper.
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Experimental Methods

Hydrothermal synthesis and stabilities oj phases.

The early literature contains several reports of the

hydrothermal synthesis of hydrated calcium sili-

cates, but accurate identification of the products
was impossible before the introduction of X-ray
methods. Among the first significant studies were
those of Thorvaldson and his co-workers [10, 22-

24], Nagai [25-27], and Bessey [29]. Since then,

many investigations have been reported. Flint,

McMurdie, and Wells [6] made a notable advance
in 1938 with the first systematic study covering a

wide range of Ca:Si ratio. Starting materials that

have been used include CSH made at or slightly

above room temperature, anhydrous C3S or C2S,

lime-silica mixtures, glasses, and other crystalline

hydrated calcium silicates found as minerals or

previously made hydrothermally. An important
addition was made recently by Roy [30], who used
CSH prepared below 100 °C and afterwards
gently ignited. The crystallinity of CSH (I) and
CSH(n) is reduced by heating at 400 to 600 °C,
though it begins to increase again at 600 to 700 °C,
when anhydrous crystalline phases begin to form
[31]. Gels dried at 400 to 600 °C are probably
particularly good starting materials for equilibrium
studies because of their high reactivity and homo-
geneity and relative absence of pre-existing struc-

ture.

Most investigators until recently used closed

bombs or autoclaves in which the pressure is

generated internally. Stainless steel vessels have
generally been used, though for the important
temperatiire range below 200 °C sealed glass test

tubes with silver inserts are equally satisfactory

[39]. Where two fluid phases are present, the
pressure is approximately defined by the saturated
steam curve; where there is only one fluid phase it

can be estimated from the degree of filling of the
bomb [32].

Closed bomb techniques are simple, but have
serious limitations. Except where saturated steam
conditions exist, the pressure is often uncertain
and sometimes uncontrollable. During a single

run, the pressure and temperature cannot be varied
independently. Combinations of high pressure

and low temperature are not conveniently ob-
tainable; below about 350 °C pressures higher
than that of saturated steam cannot safely be
obtained. These weaknesses have been largely

overcome by the development of the Tuttle or
cold-seal apparatus [33, 34], in which the pressure
is externally applied, and can be controlled in-

dependently of the temperature. Pressures up to

70,000 psi and temperatures up to 900 °C are

readily obtained.
Hydrothermal investigations can be divided

broadly into equilibrium and nonequilibrium
studies. The object of the first is to define the
conditions of stability of the various phases.
Two main types of equilibrium study have been
made. Firstly, investigators using cold-seal ap-
paratus have established stability relations be-

tween different solid phases in terms of P-T curves.

Secondly, studies have been made of the composi-
tions of solutions that exist in stable or metastable
equilibrium with particular solid phases. Such
studies are difficult because of the low solubilities

involved, and have so far been made only at rela-

tively low temperatures under saturated steam
conditions [6, 35).

Nonequilibrium studies are particularly im-
portant in the range below 200 °C which is of

direct technical importance. At these tempera-
tures the approach towards equilibrium is slow,

and often proceeds through formation of one or

more intermediate phases [2, 36, 37]. The se-

quence of these phases is often markedly affected

by small variations in experimental conditions;
even minor variations such as the nature of the

stabilizer in /3-C2S used as starting material can
affect the phases produced under otherwise identi-

cal conditions [13, 38]. A given starting material
may behave differently in pastes and in suspen-
sions [39]. There are many other variable factors,

some of which have been discussed by Kalousek
[37].

Both equilibrium and nonequilibrium studies

are important for understanding the processes of

cement hydration. The equilibrium studies pro-
vide invaluable background material, but give
little direct indication of the reactions likely to

occur in pastes below 200 °C. These reactions

show many complexities that could hardly be
predicted by attempting to extrapolate P-T
curves or other equilibrium data obtained at

higher pressures and temperatures.
X-ray powder and optical studies. Since the

last symposium, diffractometer methods have
been widely introduced. They have clear ad-
vantages over film methods in speed and con-
venience, and, under favorable circumstances, in

resolution and in precision of measurement of

both spacings and intensities. It must, however,
be stressed that they have disadvantages which
should cause them to supplement and not super-
sede film methods. Diffractometer methods have
so far proved less satisfactory for observing weak
or diffuse reflections, especially at high angles.

The surest method of indexing a powder pattern
is direct comparison of powder and single crystal

films made on the same camera. Occurrence of

preferred orientation is more readily detected
with suitable film methods. Lastly, where two or

more phases occur and differ markedly in crystal

size, assignment of lines to phases can often be
based on the different textures of the lines when
film is used, as the coarser particles give spottier

lines. This ability is particularly valuable for

studies of preparations made using quartz or

18-C2S, residual traces of which often give rough
or spotty lines.

The specific gravity of an anhydrous or hydrated
calcium silicate can usually be calculated to ±2
percent from the mean refractive index, using the
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A. B.

Figure 1. Silicon-oxygen chains found in hydrated calcium
silicates.

A. Single Dreierkette. B. Double Dreierkette.

Lorentz-Lorenz equation [40]. This procedure
has been used as an aid in determining composition

[41], and to estimate the specific gravity where
direct determination was impracticable [42].

Crystal-structure determinations. Major advances
have been made since the London symposium in

1952. At that time, the only hydrated calcium
silicates of which the structures were known were
afwillite [43] and dicalcium silicate a-hydrate [44],

both of which contain isolated HSi04^~ groups.

It was known that a group of hydrated calcium
silicates had a repeat distance of about 7.3 A in

one direction [19, 45], but the significance of this

was not understood. Table 3 lists the compounds
with this repeat distance. Anhydrous iS-CaSiOa
is included as it is the parent structure from which
those of the hydrated compounds are derived.

Its structure was established in 1954 by the work
of Dornberger-Schifl^, Liebau, and Tliilo [46] on
the isostructural compound NaAsOa. Their
results have since been confirmed by direct studies

on /S-CaSiOs [47-50]. These investigations dis-

prove an earlier conclusion [51] that SiaOg*'" rings

were present.

Table 3. Calcium silicates with a repeat distance of
about 7.3 A

WoUastonite _

ParawoUastonite
Nekoite
Okenite
Xonotlite
Foshagite
Hillebrandite-
Tricalcium silicate hydrate

Tobermorite minerals:
Tobermorite (11.3 A).._
14-A tobermorite. _

9.35-A tobermorite (riversideite)
CSH(I) _

Plombierite
CSH(n).... ___

CSH gel

» Or 1.5 (?).

[/J-CaSiOs

Ca3Si60is-7or8H20
Ca3SieOi5-6H20
.Ca6Si60i7(OH)2
Ca4Si309(OH)2
Ca2Si03(OH)2
Ca6Si207{OH)6

5Ca0-6Si02-5H20
5Ca0-6Si02-9H20 (?)

5CaO-6SiO2-0-2H2O
0.8-1.33«CaOSi02-aq.
0.8CaO-SiO2-2H2O

}l.5-2.0CaO-SiO2-aq.

An essential feature of the structure of jS-CaSiOs

is the occurrence of metasilicate chains kinked so

as to repeat at intervals of three tetrahedra (fig.

la). This gives the characteristic 7.3 A repeat

distance. Such chains have been called "Dreier-

ketten" to distinguish them from metasilicate

chains kinked in other ways, as for instance the

"Zweierketten" of pyroxenes [52]. The German
words are provisionally retained as they are not

conveniently translatable. Kinking of silicon-

oxygen chains in calcium silicates into Dreier-

ketten, rather than into some other form, occurs

because this gives a good fit with the dimensions

of the CaOe polyhedron [52, 53].

Dreierketten have been proved to exist in

tobermorite [54] and foshagite [55, 56], while

xonotUte contains double Dreierketten (fig. lb)

analogous to the double Zweierketten of the

amphiboles [57, 58]. It is reasonable to attribute

the 7.3 A repeat distance in the other compounds
of this group to the presence of Dreierketten or

related structural groupings. Mamedov and
Belov [59-63] have discussed theoretically the

possible modes of condensation of Dreierketten

with each other and with CaOg polyhedra, and
on this basis have suggested structures for okenite,

nekoite, tobermorite, foshagite, hillebrandite, and
(in collaboration with Klebtsova) for tricalcium

silicate hydrate. Although reasonable, these

structures are not based on any direct experi-

mental evidence from X-ray intensities; that pro-

posed for foshagite does not satisfactorily explain

the intensity data [56].

No further crystal-structure determinations of

the hydrated calcium silicates have been made,
but the structure of calcio-chondrodite [14] may
be inferred by analogy with the known structure

of chondrodite [64]. 'The latter mineral, which
has the composition (Mg,Fe),5(Si04)2(OH,F)2, is

closely related structurally to olivine ((Mg,Fe)2

SiOi), and a calcium analog of oUvine exists in

7-C2S [65]. Ohvine and chondrodite are the

only magnesium or iron silicates that are known
to have exact calcium analogs. The reason for

this is probably that they contain separate

SiOt" tetrahedra, which can be separated more
widely to accommodate the larger calciurn ion.

The other typical magnesium or iron silicate

structures, such as the pyroxenes, amphiboles,

and micas, contain condensed anions of the

Zweierkette or derived types. These cannot be

expanded to accommodate calcium, which there-

fore plays only a limited role in these structures.

Electron microscopy and diffraction. Several

early attempts were made to study hydrated

C3S or cement pastes by electron microscopy, but

the results seem to have been vitiated by carbona-

tion or other disturbing factors. Grudemo [66, 67]

made the first systematic study of pure, hydrated

calcium silicate phases using this method; subse-

quently several others have been made [17, 31, 38,

39, 41, 68-73, 76]. The method of selected-area

electron difl^raction has also been developed and

apphed to the study of hydrated calcium siUcates
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[31, 41, 70-74]. General surveys of this method
have geen given [74-75]. More recent appHca-
tions of electron microscopy and diffraction to the

study of the hydrated calcium silicates are de-

scribed by other contributors to this symposium.
Infrared absorption. Application of this method

to studies on hydrated calcium sihcates is recent,

and the results appear promising. Data have
been reported prior to this symposium for tober-

morite and related phases [76-78], xonotlite

[77, 79], calcio-chondrodite. Phase Y and Phase Z
[4], afwilhte [80], and C2Sa-hydrate [76, 81]. It

is too early to assess the significance of the results,

or even to interpret them with certainty, but
there seem to be distinct possibilities of using the

method to determine the form in which constitu-

tional water is present, and other structural fea-

tures. Two promising extensions of the method
are the study of single crystals using polarized

beams (applied to afwillite [80]) and investigation

of the effect of substituting deuterium for hydrogen
(applied to C2Sa-hydrate [81]).

Weight-loss curves and differential thermal anal-

ysis. Weight-loss carves of hydrated calcium
silicates have been determined using dynamic or

thermobalance methods [76, 78, 82, 83], and using
quasi-static methods in which the temperature is

maintained for lengthy periods at successively

higher values. Buckle [84] has recently reviewed
the theory and practice of the quasi-static method,
and has compared its merits with those of the
dynamic method. The latter is much faster and
therefore alone suitable for most routine work, but
the quasistatic method is probably better for most
fundamental studies.

Mackenzie [85] has reviewed the technique of

differential thermal analysis and its application
to clay mineralogy. The method has been applied
to the study of hydrated calcium silicates, espe-
cially by Kalousek and collaborators [5, 37, 86-91].

The value of both weight-loss and DTA studies

is increased if they are supplemented by X-ray
studies made either with high-temperature cam-
eras, or on cooled material. It is important to

control the atmosphere, and essential to exclude
CO2, in all of these studies.

Oriented transformations. This term will be
used to describe reactions in which crystals of one
substance are formed out of those of another in

such a way that crystallographic orientation is

substantially preserved. Heller [92] reported the
first, exploratory studies in the CaO-Si02-H20
system; the reactions she studied were mostly
dehydrations effected by heating at ordinary
pressures. Since then more such studies have
been made [70-72, 93-97], and it has also been
shown that some hydrothermal changes, such as

that of tobermorite into xonotlite, occur or can
occur in this way [98]. New experimental meth-
ods for the study of both thermal and hydro-
thermal transformations have been described

[98-100]. Studies on oriented transformations
provide a powerful means of linking crystal-

structural information with chemical or phase-
equilibrium data. From one such study it was
concluded that the dehydration of a number of

hydrated calcium silicates at about 700 °C in-

volves rupture of Si-0 rather than Ca-0 bonds,
with consequent migrations of silicon atoms or

ions [94]. This conclusion enabled the prediction

of the essential features of the crystal structure of

foshagite, which were afterwards tested by
classical X-ray methods [55, 56, 72].

Chemical extraction methods. There have been

recent developments in methods for extracting

uncombined Ca(0H)2 [20, 101-103]. Some
workers have also used methods for extracting

uncombined silica, but the difficulties inherent in

this procedure have been emphasized [104].

Individual Ternary Phases

Optical, X-ray powder, unit cell, specific-

gravity, and other crystallographic data will not
be listed as they were tabulated for most of the
phases by Heller and Taylor [105] in 1956. Table
4 gives references to the principal additions or
corrections to these data. Several new sets of
powder data for other compounds have been pub-
lished, but none differ significantly from the earlier

data. The phases will be described roughly in

order of increasing Ca:Si ratio, but this principle
is sometimes departed from in order to group
together related phases.

Okenite (CS2H2?) and nekoite (C3S6H7 or g).

These are the only two hydrated calcium silicates

which are known to occur as well-defined natural
minerals, but which have not yet been synthesized.
Hydrothermal runs at low Ca : Si ratios little above
100 °C, which might be expected to yield them,
appear to give instead compounds of the tober-
rnorite or gyrolite groups together with hydrous
silica. There has been one recent report of the

Table 4. Crystallographic data for the hydrated calcium

silicates. Principal additions or corrections to the com-

pilation by Heller and Taylor [105]

Phase

Z-phase

11.3-A tobermorite.

9.35-A tobermorite
(riversideite).

Foshagite

Phase F
Phase Z

Phase Y

C2S 7-hydrate
Calcio-chondrodite
(Phase X).

Tricalcium silicate

hydrate.

Nature of new data

X-ray powder data for new phase
Sp. gr., refractive index
Crystal structure --.

Indexing of X-ray powder data
Indexing of X-ray powder data, unit cell

Revised composition, unit cell, indexing
of X-ray powder data

Crystal structure
X-ray powder data for new phase.
X-ray powder data and optical proper-

ties of new phase
Unit cell

X-ray powder data and optical proper-
ties of new phase

Unit cell, specific gravity, indexing of

X-ray powder data
Probably not a single phase.
X-ray powder data (indexed), unit cell,

specific gravity, crystal structure (by
analogy) __ -_- ---

Optical and X-ray powder data
Indexing of X-ray powder data, unit
.cell, specific gravity
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synthesis of nekoite [106], but it is based solely on
optical evidence and cannot be considered
established.

Okenite has been known as a mineral for over
a century [70,107]. Nekoite is known only from
one locality. It was originally described as okenite
[108], but recent work has shown that it is a
distinct species. It nevertheless resembles okenite
in many ways and there is almost certainly a
close structural relationship [70].

Published analyses indicate the formula CS2H2
for both minerals. A new analysis of nekoite
suggests a higher water content, giving CsSeHy or
CsSeHg; the water is mostly lost by 200 °C, and
there is infrared evidence to support the inference
that it probably occurs in molecular form [109].

Synthesis is therefore most likely to be effected at
low temperatures, possibly around 100 °C; pro-
longed reaction may be needed. This conclusion
probably applies also to okenite.
Both okenite and nekoite form fibrous or mark-

edly acicular crystals with one good cleavage in

the prism zone and a 7.3 A repeat in the fiber

direction [70]. On being heated at 800 °C, both
minerals undergo oriented transformation giving
/S-CaSiOs [70,92]. Assuming the water to occur as
molecules, the formulae of both minerals can be
written CaSi205-xH20. These results strongly indi-

cate the presence of Dreierketten condensed together
to give infinite sheets of empirical composition
81205^". Mamedov and Belov [59] suggested a
way of doing this which would explain the observed
cell dimensions.

Gyrolite (C2S3H2), reyerite or truscottite (CeSioHs?)
and Z-phase (CS2H2?)- These three phases are
structurally related; all form lamellar crystals

with micaceous (0001) cleavage and are hexagonal
or pseudohexagonal with a 9.73 A. They are
most readily distinguished by their basal spacings,
which are approximately 22.1 A for gyrolite

[97,110], 18.7 A for reyerite [110,111], and 15.3 A
for Z-phase [2]. Gyrolite and reyerite occur
naturally [112-114]. Z-phase has not been found
pure in nature, though some specimens of gyrolite
probably contain minor amounts of it intergrown
in parallel orientation [115]. The reported mineral
centrallassite is identical with gyrolite, while
truscottite is the same as reyerite [110]. The
name reyerite has priority.

Doubts exist regarding the exact compositions
of all three phases. Analyses of natural and
synthetic gyrolites mostly agree reasonably well
with the formula C2S3II2 [112-115a], but Strunz
and Micheelsen [110] have recently proposed the
formula C3S4H3. Analyses of natural reyerite or
truscottite are hard to interpret because both of

the known specimens are contaminated by other
minerals which are difficult to separate. The
formulae C2S4H and 2(CaO, MgO)-3Si02-2H20
have been suggested for truscottite (reyerite from
Sumatra) whUe C3S4H has recently been proposed
for reyerite from Greenland [110]. Harker [115a]

recently found the composition of synthetic
reyerite to be CeSioHa. As will be seen later,

reyerite is formed at relatively high temperatures,
and the H2O : Si ratio is therefore more likely to be
1 : 4 than 2:3. The Ca : Si ratio must be considered
uncertain, though it appears definitely to be
between 0.5 and 0.75. Marker's formula is

perhaps the most probable.

Funk and Thilo [3] described a new phase in

1955, which they considered to have the formula
CS2H2- Shortly afterwards, Assarsson [1,2] re-

ported a new compound of uncertain but probably
similar composition which he called Z-phase.
Comparison of the X-ray powder patterns reported
for these phases suggests that they are identical.

Preliro.inary X-ray powder studies have been
made in this laboratory of a specimen kindly
provided by Funk. The powder data reported
by Funk and Thilo were confirmed, but the
patterns gave also a strong spacing of about 15 A,
which was considered by Assarsson to be charac-
teristic of Z-phase. The identity of the two
preparations is thus confirmed. The similarity

of the X-ray powder pattern to that of gyrolite

suggests a structural resemblance, and the unit-cell

or structural element is therefore probably hex-
agonal or pseudohexagonal with a 9.73, c 15.3 A,
approx. The orthorhombic cell suggested by
Funk and Thilo seems unlikely to be correct. It

was based only on indexing of powder data.

Most of the data relating to the conditions of

formation of these phases relate to saturated
steam conditions, but Harker [115a] has briefly

reported P-T curves defining the stabilities of

gyrolite and reyerite, while Assarsson [116] made
some runs in superheated steam. Gyrolite was
first synthesized by Flint, McMurdie, and Wells

[6] from gels and glasses with Ca : Si ratios in the

range 0.5 and 0.66, at 150 to 400 °C. At 450 to

500 °C a-CaSiOa was obtained. They did not,

however, distinguish gyrolite from reyerite ; subse-

quent evidence suggests that the latter was
probably formed at the higher temperatures.

Subsequently, a number of workers have confirmed

the formation of gyrolite, as distinct from reyerite

or Z-phase, at temperatures mostly between 120 and
240 °C [1,2,8,37,79,97,104,115a]. It appears

to form very slowly at 120 °C, and more rapidly

at 150 °C or above from gels or mixtures of lime

with amorphous sUica. The upper limit is at

least 240 °C, though Barker's residts show that

gyrolite becomes unstable relative to reyerite and
xonotlite above 220 °C ; in the presence of excess

silica, it becomes unstable relative to reyerite

above 190 °C3. Harker also found that formation

of gyrolite was favored by the presence of up to

2 percent of alkali fluoride.

Buckner, Roy, and Roy [79] reported the

formation of reyerite and gyrolite. together with

other products, at 295 °C and 30,500 psi. This

is the earliest report of the synthesis of reyerite.

The inference that the phase is stable relative

to gyrolite under these conditions was confirmed

by Harker [115a], who showed that reyerite

becomes unstable relative to xonotlite and silica

above 355 °C at saturated steam pressure.
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Jander and Franke [12] and Funk and Thilo [3]

obtained products at 300 to 350 and 250 °C respec-

tively, which could have been reyerite.

Peppier [35] determined the solubility relations

at 180 °C for a preparation which he had identified

as gyrolite ; he found this compound to be metasta-
ble relative to xonotlite and hydrous silica at this

temperature. This result seems to be incompatible

with Harker's. Peppier had made his preparation

by autoclaving an oxide mixture at 350° C, and
it may therefore have consisted wholly or partly

of reyerite.

Assarsson [1,2] obtained Z-phase by autoclaving
mixtures of lime and amorphous silica at 140 to

240 °C. He could not prepare it at 120 °C, but
his longest runs were only of 21 days' duration.

He considered that it was an intermediate product
in the sequence lime+sUica gel-^CSH(I)-^Z-
phase-^gyrolite, and believed that it might have
a stable field of existence at 130 to 150 °C. This
is almost certainly too high, as gyrolite can be
made at 120 °C. Funk and Thilo [3] obtained
their product by autoclaving gels at 180 °C for

1 to 2 days; these conditions are comparable with
those used by Assarsson.
These results indicate that Z-phase is the least,

and reyerite the most, thermally stable of the three

phases. The structural and compositional rela-

tions between the three compounds are not clear.

The relationship does not appear to be simply one
of varying numbers of water molecules between
otherwise identical layers, since Z-phase has the

shortest basal spacing but is formed at the lowest
temperatures and is therefore presumably the

most hydrous. Further studies on the composi-
tions of all three phases are clearly needed.

Gyrolite loses three-quarters of its water below
450 °C; the structure undergoes relatively minor
changes. The rest of the water is lost at 500 to

850 °C when oriented transformation occurs
giving a-CaSiOa [97]. The principal water loss in

reyerite probably also occurs around 800 °C [111].

A loss was also observed in a lower temperature
range, but no change was detectable by X-rays,
and this loss may have been caused by impurity.
Z-phase loses one-half of its water by 100 °C, and
the rest in two stages between 100 and 900 °C [3].

At present nothing is known about the crystal

structures of these phases, but the oriented trans-

formation of gyrolite to a-CaSiOa provides a pos-

sible clue, as the structure of the latter compound
is known from work on the isostructural SrGeOa
[117]. Another possible structural relation is

with zeophylhte (Ca4Si30i2F2H6) [96]. This min-
eral has also micaceous cleavage and is pseudo-
hexagonal, with an a-axis not far from that of

gyrolite.

Tohermorite (CsSgHs). Crystalline tobermorite
with a basal spacing of about 1 1 .3 A occurs natur-
ally in a pure form in Scotland [71,118] and N.
Ireland [15], and in crestmoreite intergrowths at

Crestmore, Calif. [108,119]. It is the essential

constituent of most high-pressure steam-cured
concrete and hme-sUica products [37,120].

The first clearly described synthesis was made
by Flint, McMurdie, and Wells [6]. They con-
sidered their product to be C4S6H.5 and remarked
on its possible identity with the natural mineral.
The next reported syntheses were by Heller and
Taylor [16] and by Kalousek [37]. Heller and
Taylor called their product "well crystallized

CSH(I)." Taylor [119] showed that this prepara-
tion was essentially shnilar to the silicate constitu-

ent of crestmoreite, and Claringbull and Hey [118]
showed that it was substantially identical with the
pure, natural tobermorite from the type locality.

These investigations established definitely the
relationship between the natural and synthetic
materials. Tobermorite has since been prepared
by many other investigators [2, 68, 73, 76, 79, 82,

120, 121].

Among the more important of possible starting

materials may be mentioned CSH(I), and mixtures
of lime or cement with either quartz or amorphous
silica. In the latter case, as is discussed later,

reaction proceeds through intermediate forma-
tion of CSH(II) and CSH(I), or of phases similar

to these. Formation of tobermorite under satu-
rated steam conditions has been reported at
temperatures varying between 110 [16] and 275 °C
[6]. In the author's experience, it is most repro-
ducibly formed by autoclaving a CSH(I) gel of

appropriate Ca: Si ratio at 110 to 140 °C. Trans-
formation to tobermorite at these temperatures is

slow, periods of a month or longer usually being
needed to complete the process, but a pure product
can be obtained. It appears to persist indefinitely

under these conditions, though whether it is

truly stable is not known It can be obtained
more rapidly at higher temperatures, but is then
definitely only an intermediate phase, and much
care is needed to avoid partial or complete con-
version into xonotlite or other phases. In pastes,

it is reproducibly formed at 170 to 180 °C, though
again only as an intermediate phase and probably
rarely, if ever, free from other phases.

A broader view of the conditions of formation
of tobermorite is obtained by considering the entire

P-T field and not merely the curve defined by the

pressure of saturated steam. Buckner, Roy, and
Roy [79] showed that, at 12,000 to 25,000 psi, the
equilibrium curve for the transformation of tober-

morite to xonotlite, water, and possibly reyerite,

lies at about 285 °C. This result points to the
possibility of preparing pure samples of tober-

morite both quickly and reproducibh* hy working
at considerably higher pressures and temperatures
than those commonly used hitherto. Under sat-

urated-steam conditions, tobermorite begins to

change to xonothte at about 150 °C (75 psig).

The same minimum temperature for the formation

of xonothte, to within ± 10 °C., has been reported
by several investigators. It is uncertain whether
this temperature represents a point on the equi-

librium P-T curve, or whether it is rate

determined.
Electron micrographs of tA'pical, synthetic

preparations show well-defined flakes up to several
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microns across and possibly 200 A thick [17, 31, 68,

73]. The cleavage is (001) and there is in varying
degrees a tendency to elongation parallel to b.

Edges parallel in projection to (110) are often also

developed. The selected-area electron-diffraction

pattern is characteristic [31, 71, 73]. It shows the
weak reflections indexable only in terms of the
C-centered unit cell with a 11.3, b 7.3A approx, as

well as the strong ones corresponding to the body
centered pseudocell with halved a and b. The
weak reflections are characteristic of tobermorite,
but the strong ones are given by any sufficiently

well-crystallized tobermorite mineral, including
CSH(II), lying on (001) [31]. From selected-area
electron-diffraction studies, Gard, Howison, and
Taylor [31] found that tobermorite crystals some-
times lie superimposed one on the other in a rela-

tive orientation which suggested that their surfaces

are derived from the Ca—0 and not the Si—

O

part of the structure.

The main features of the crystal structure were
established by Megaw and Kelsey [54], though
some details are still uncertain. These investi-

gators confirmed earlier suggestions of a layer
structure in some respects analogous to that of

vermiculite. They showed that each layer con-
sists of a central Ca—O sheet covered on each side

by rows of Dreierketten that form ribs. They
likened the resulting complex layer to double-sided
corrugated cardboard. Between these complex
layers are more calcium atoms, and water mole-
cules. The structure explains the observed
morphology, and also the existence of higher and
lower hydrates differing in c-spacing. Mamedov
and Belov [60] suggested a modification of this

structure involving the existence of Si—O— Si

links between neighboring layers. It is not yet
clear to what extent this modification is compatible
with Megaw and Kelsey's experimental data.
The question of the occurrence of such links is

considered again later.

Infrared absorption data [76, 77] have been
considered to support the view that both water
molecules and bonded hydroxyl are present.
Assuming Megaw and Kelsey's structure to be
correct, the constitutional formula may be written
as Ca4(Si309H)2- Ca -41120. The hydroxyl is thus
attached to silicon: the final Ca-4ll20 denotes the
interlayer material.

Most specimens of tobermorite change to 9.35-A
tobermorite (riversideite) when heated to 300 °C
at atmospheric humidity [15, 77, 95]. Taylor and
co-workers [31, 71, 122], and Greenberg '[82] ob-
tained weight loss curves that were almost con-
tinuous, but McConnell [15] obtained a markedly
stepped curve. More work is needed to decide the
extent to which these differences can be explained
by variation in experimental technique. On
differential thermal analysis, Al-free tobermorite
gives only a small exothermic peak or none at all

at 800 to 850 °C [15, 68, 76, 91]. Al-substituted
tobermorite, and also CSH(I), give a strong
exothermic peak in this region [91].

Hydrothermal treatment of tobermorite with
v/ater causes oriented transformation to xonotlite
without intermediate formation of riversideite

[98].

Modified or anomalous forms of 11 .3-A tobermo-
rite. Kalousek [91] described the synthesis of
tobermorite in the presence of reactive aluminous
materials; he found that up to 4 or 5 percent of
AI2O3 could enter the structure, the Al possibly
substituting for Si. Al-bearing tobermorite dif-

fered from the pure compound in its thermal
behavior, as mentioned above. At high Al-
contents, there were also minor changes in the
X-ray pattern, and the crystal size was reduced.
Formation of tobermorite was accelerated, and
conversion to xonotlite retarded by the presence
of alumina.
Some other tobermorite specimens, both of

synthetic and of natural origin, are anomalous in

various ways. A natural specimen from Loch
Eynort, Scotland, had a distinctly more fibrous
form than is usual, with principal cleavage (100)
[71]. The basal spacing of 11.3-A persisted right
up to 800 °C, when /3-CaSi03 was formed, even
though all the water was lost below this tempera-
ture. The weaker electron-diffraction reflections,

not indexable in terms of the pseudocell, differed

from those of normal specimens. Some synthetic
specimens free from alumina are also anomalous
in that the 11.3-A spacing persists up to 800 °C [8].

In others, electron micrographs show, not the
usual plates with conchoidal fracture, but plates

that are composed of parallel laths imperfectly
joined together [17,31]. These have been inter-

preted as CSH(II) fibres in course of forming into

tobermorite [31] and, alternatively, as CSH(I)
sheets showing incipient cleavage or break-
down [17]. There seems to be no evidence as to

whether this morphology is correlated with per-
sistence of the 11.3-A spacing except in the case

of the Loch Eynort material.

Kecent work shows that the Ca:Si ratio of

tobermorite, as opposed to CSII(I), is not capable
of wide variation, but it apparently can rise as

high as 1.0 without any marked effect on the
properties [17].

More work is needed before these anomalies
can be explained. Clearly, however, the struc-

ture of tobermorite is capable of minor variations,

which are difficult or impossible to detect by
X-ray powder methods, but which markedly in-

fluence the morphology and behavior on dehydra-
tion. These variations can be caused by
Al-substitution, but are not always due to this.

It is tempting to speculate that they can be
correlated with the formation of Si—0—Si links

between the layers, possibly in the way suggested
by Mamedov and Belov [60]. This correlation

could account for the ability to undergo complete
dehydration without shrinkage in c-spacing, and
possibly also for the fibrous habit and the other-

wise puzzling (100) cleavage of the Loch Eynort
material.
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9.S5-A tobermorite (riversideite) . 5CaO-6Si02-
O-2H2O. This is formed when "normal" speci-

mens of tobermorite are heated to 300 °C or above
at ordinary humidity. The change in basal spacing
is discontinuous [95]. The 9.35-A tobermorite
also occurs naturally in some specimens of crest-

moreite intergrowth; these were originally called

riversideite [108], and this name has since been
transferred to their hydrated calcium silicate

constituent [15].

X-ray studies [95] confirm Megaw and Kelsey's
suggestion [54] that the stacking of the layers
differs from that in 11.3-A tobermorite; the ribs

on the surface of one layer pack into the grooves
on that of the next, whereas in 11.3-A tobermorite
the layers pack rib against rib. They show also

that formation of riversideite from tobermorite is

accompanied by marked reduction in the degree
of crystallinity.

When riversideite is formed at the minimum
temperature of about 300 °C [95] the H20:Si ratio

is about 0.3 according to McConnell's data [15]

or below 0.2 according to data from this labora-
tory [31, 122]. All the water is expelled by 700 °C
but the X-ray pattern shows little or no change
between 300 and 700 °C. It has been concluded
from this observation that interlayer Si—O—Si

links are formed [95]. There is some evidence
that part or all of the water is present as molecules

[77, 95]. Riversideite has not been made hydro-
thermally. It should possibly be regarded as a
metaphase, with no field of true stability.

14-A tobermorite. CgSeHg (?). This occurs in

nature as the main constituent of many specimens
of crestmoreite [119]. McConnell [15] suggested
the name plombierite, but later [18] used this for a
gelatinous phase of approximate composition
C5S6H12 which was of much lower crystallinity.

Historical evidence favors its use for the gelatinous

mineral, and it seems preferable not to use it also

for the very different crystalline one.

The 14-A tobermorite has been synthesized from
lime-silica slurries at 60 °C [77-]. It probably con-
sists of layers of tobermorite stacked rib against

rib, as in the 11.3-A form, but separated by a

further layer of water molecules. There cannot,

therefore, be any interlayer Si—O—Si links. The
H20:Si ratio of 1.5 suggested above is based not

on experimental evidence, but on a plausible den-

sity of packing of the extra water molecules.

Infrared absorption data have been reported [77].

Dehydration to the 11.3-A form occurs at 100 °C
[122] ; McConnell found the process to be reversible

[15], but attempts by the author to rehydrate
11.3-A tobermorite have been unsuccessful.

10-A and 12.6-A tobermorites. Well-crystal-
lized tobermorite minerals with these basal
spacings occur in some specimens of crestmoreite
[105]. The basal spacings suggest that the 10-A
form may be a well-crystallized form of CSH(II)
and that the 12.6-A form is a more highly hydrated
form of this, but there is no proof.

Ill-crystallized tobermorite minerals. These
phases, which are classified in table 2, are charac-

teristically formed below 100 °C, and are therefore

discussed elsewhere in this symposium. They
have also been reviewed recently by the present
author [123]. Some reference to them is neverthe-

less needed because they are also formed as inter-

mediate products in hydrothermal processes. As
such, they play an important part in the steam
curing of cement.
CHS(I) is characterized by a low Ca:Si ratio,

which can be anything from 0.8 to 1.33 or possibly

1.5, and by its morphology of thin, crumpled foils.

It gives a strong differential-thermal-analysis peak
at 800 to 850 °C. The basal spacing of material

dried at 6 mm varies between about 10 and 14A,
depending on Ca : Si and H2O : Si ratios and on other

factors not properly understood. The reasons for

the variable composition are still uncertain; the

material is in many ways a typical, semicrystalline

basic salt and is possibly inherently inhomogenous.
CHS(I) is very easily formed and appears to

persist indefinitely at room temperatures. Under
hydrothermal conditions it seems to be a short-

lived intermediate product, which recrystallizes

rapidly to tobermorite or other phases. Thus,
Kalousek and Prebus [17] showed electron micro-
graphs of typical crinkly foils of CSH(I) made in

2 hr reaction of lime and diatomite at 175 °C; in

contrast, Gard, Taylor, and Howison [31] obtained
no evidence of CSH(I) in the products of 7 day
reactions at 140 °C. They found only CSH(II)
and tobermorite.

Plombierite is a natural mineral showing some
resemblance to CSH(I), although there are distinct

differences [18].

CSH(II) is characterized by a high Ca:Si ratio,

which probably always lies within the range 1.5-

1.75. The morphology is characteristically fibrous

but varies with the mode of preparation; cigar-

shaped bundles of fibres [20, 38, 66, 67], long, thin

fibres [17, 31], and tubular forms [17] have all been
observed. The basal spacing of material dried at

6 mm is about 10.5A. The degree of crystallinity,

as evidenced by the X-ray pattern, tends to be
lower than that of CSH(i), though the samples
consisting of cigar-shaped bundles are better crys-

tallized than the others. The crystal structure is

unknown, but is clearly related to that of tober-

morite. The possibility of a 1:1 layer structm-e,

in contrast to the 2 : 1 layer structure of tobermo-
rite, has recently been suggested [31]. If this

structure is correct, CSH(II) stands in something
like the same relation to the hydrated form of

halloysite as does tobermorite to vermiculite.

CSH(II) is probably the initial product of re-

action between lime and silica, under hydrother-
mal conditions as well as at room temperature.
It seems to be more persistent than CSH(I),butis
nevertheless only an intermediate phase, even at

100 °C. Various, more stable phases can crystal-

lize directly or indirectly from it at 100 to 180 °C
and the factors determining which of them wiU



appear in any given case are not fully understood.
AfwUlite is probably the stable product below
about 140 °C, and hUlebrandite above this tem-
perature, but neither forms readily and 0280;-

hydrate is the most usual product over the whole
temperature range. Other possible products in-

clude C6S4H3 and "Phase F."
CSH gel is the product formed in i3-C2S or C3S

pastes cured at room temperatures. It is also

formed as the first product in such pastes at higher
temperatures, up to at least 180 °C [38,39]. It

resembles CSH(II) closely in composition, and in

some other respects, but differs so much in degree
of crystallinity, and possibly also in morphology,
that it seems wiser to distinguish between them.
The phases crystallizing from CSH gel are sim.Llar

to those formed from CSH(II). In neat cement
or C3S pastes, where a sufficient excess of Ca(0H)2
is also present, tricalcium silicate hydrate is a

further recrystallization product.
A natural mineral recently described by McCon-

nell [124], and the sythentic "Hydrate III" de-
scribed by Kantro, Brunauer, and Weise [21] each
appear to be roughly similar in composition and
crystallinity to CSH gel.

Xonotlite. (CeSsH). This phase occurs as a

natural mineral in many localities. It is also one
of the easiest of the hydrated calcium silicates to

make in the laboratory. The first well established

synthesis was by Nagai [27] ;
syntheses up to 1950

were reviewed by Taylor and Bessey [11]. Since

then many more have been reported. Xonotlite
is formed reproducibly from any sufficiently re-

active starting materials of its own Ca: Si ratio at

150 to 400 °C under pressures of saturated steam.
Its formation from lime and sUica proceeds through
intermediate formation of CSH(II), CSH(I), and
tobermorite [2,16]. The equilibrium P-T re-

lations between xonotlite and tobermorite have
already been discussed. Figure 2 shows the P-T
curve for the equilibrium between xonotlite and
/S-CaSiOa [79]. Peppier [35] studied solid-liquid

equilibria for xonotlite at 180 °C under a pressure

Figure 2. P—T curves for some phase transformations in
the CaO-Si02-H20 system, obtained by Roy [4] and
Bnckner, Roy, and Roy [79].

(1) H2O Jin.^HjO gas. (2) Afwillito==Phase Z+HzO. (3) Tober-
morite==xonntlite+H:0+(?) reyeritP. (4) Xonotlitc^=^/3-CaSi03+H20. (5)

Tricalcium silicate hydrate—Ca-chondrodite+Ca(OH)2+H20. (6) Phase
Y^a'-C2S+H20. (7) Phase Z^iRankinite+HzO. (8) Ca-chondrodite=^
a'-C2S+CaO+H20.

of saturated steam. He concluded that it was a
stable ternary phase in the system under these

conditions.

Xonotlite forms markedly fibrous or acicular

crystals with a repeat distance of 7.3 A in the fiber

direction. Synthetic crystals have a characteris-

tically lath-like appearance in the optical or elec-

tron microscope [6,73]. These properties are satis-

factorily explained in terms of the crystal structure,

which was found by Mam.edov and Belov [57,58]

to contain double Dreierketten, of empirical for-

mula SifiOiT^"" (fig. lb) together with calcium and
hydroxyl ions.

Published analyses of natural and synthetic
xonotlites nearly all show higher water contents
than that demanded by the formula CaeSieO]?-
(0H)2 which is indicated by the X-ray structure
determination; many indicate a composition of

about C5S5H. Weight-loss curves [8,79] show ap-
proximately the theoretical loss of 1/6 H20:Si over
the range 650 to 750 °C in which conversion to

/S-CaSiOa occurs, together with additional water
that is lost gradually at lower temperatures. This
circumstance suggests that the formula CapSisOn-
(0H)2 is fundamentally correct, but that additional,

more loosely bound water is usually or always
present. The way in which this water is held is

uncertain, although differential thermal analysis

[79] and infrared absorption [77,79] constitute

promising lines of approach. The question has
also been discussed recently by Buckner, Roy, and
Roy [79], and by Aitken and Taylor [8]. The de-
hydration reaction occurs by an oriented trans-

formation, whether on heating at ordinary humid-
ity [94] or under hydrothermal conditions [98].

Foshagite. (C4S3H). This phase was discovered
as a natural mineral, and was originally believed

to have the composition C5S3H3 [125]. Its indi-

viduality as a species was at one time disputed,

but was later established beyond doubt [6,72].

The original formtJa is, hov/ever, incorrect.

Foshagite was first synthesized by Flint, McMur-
die, and Wells [6] from glasses at 300 to 350 °C.

under pressures of saturated steam. The synthe-
sis has since been confirmed; Jander and Franke
[12] made a product at 300 to 350 °C which was
probably foshagite, while Gard and Taylor [72]

prepared it at 500 °C and 6,000 psi, and Roy [4]

at 450 °C and 15,000 to 30,000 psi. No P-T
curves defining its stability range have been
reported.
The crystals are markedly acicular, and the

natural mineral forms long fibers [125]. There
is a 7.3-A repeat distance along the fiber direction.

The approximate crystal structure has been de-

termined from X-ray fiber rotation photographs,

and shows the presence of single Dreierketten

together with calcium and hydroxyl ions [55, 56].

An alternative structure, involving double Dreier-

ketten as in xonotlite [61], does not satisfactorily

explain the X-ray intensities and other experi-

mental data [56]. Foshagite is dehydrated at

650 to 750 °C, when it undergoes oriented trans-

formation giving i3-CaSi03 [92, 72]. There is also
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a tendency for /3-Ca2Si04 to crystallize, but the

lime-rich product of this disproportionation is

probably largely amorphous [56].

Ajwillite. (C3S2H3). This phase occurs as a

natural mineral [126]. It forms short, prismatic

crystals, and is remarkable among hydrated
calcium silicates for its good crystallinity. Afwil-

lite is a low-temperature product, which forms
under pressures of saturated steam below about
160 °C. It was first synthesized by Bessey [11]

at 98 °C. It has since been obtained by ball-

milling of C3S with water at room temperature

[21, 127] and from lime-silica mixtures or /3- or

7-C2S at 110 to 160 °C [36, 128]. Its formation
seems always to be slow. Heller and Taylor

[36, 128] concluded from runs of 13 to 151 days'

duration that afwillite was a stable phase at 110

to 160 °C, while Long and McConnell [124] ob-
tained geological evidence that afwillite can exist

in stable equilibrium with Ca(0H)2 and solution

at relatively low temperatures.

Although afwillite is probably a stable product,
it is not readily prepared. Its formation from
lime-silica mixtures, or C3S probably in-

volves the intermediate formation of CSH(H) or

similar material. As has already been noted, this

compound changes more readily into other meta-
stable but highly persistent phases, especially

C2Sa-hydrate. Under a pressure of saturated
steam, afwillite probably becomes unstable rela-

tive to xonotlite and hillebrandite at about 140 °C.

At higher pressures (fig. 2) it apparently remains
stable until above 200 °C ; the imm.ediate decompo-
sition products were unidentified, but at 300 °C
and above Phase Z was obtained [4].

When afwillite is heated at atmospheric pres-

sure, dehydration takes place at 275 to 285 °C
[126, 129]. An oriented transformation occurs,

giving 7-C2S [92, 93, 129]. A preliminary dis-

cussion of the mechanism of this transformation
has been given [93], but the question is compli-
cated by the formation of one or more unstable,

intermediate phases, a full explanation of which
is not yet available [129]. On heating further to

about 650 °C, a further oriented transformation
occurs, giving an anhydrous, poorly crystalline

form of Phase Z [4, 129]. This product was called

"Phase Y" by Heller [92] (not the same as Koy's
Phase Y!). At about 1,000 °C, rankinite is

obtained [92]. The dehydration of afwillite has
also been followed by differential thermal analysis

[129].

Megaw [43] determined the crystal structure of

afwillite; it is built from Ca^+ ions, H2O molecules,

and separate HSi04^~ tetrahedra. Afwillite is

structurally related to bultfonteinite (Ca4Si20ioHa
F2 [130]), but not closely to any other of the

ternary phases. Infrared studies [80] support the
results of the X-ray structure determination.

Phase Z. (C3S2—CeSsHj (?)). This phase was
first described by Roy [4, 131], and must be dis-

tinguished from Z-phase (of Assarsson). It has
not yet been reported as a natvu-al mineral. Roy

believed it to be C9S9H, but subsequent work
suggests a variable composition, one end of the

presumed solid-solution series being anhydrous.
Roy made Phase Z from gels, and from afwillite,

in runs of 1 to 14 days' duration (mostly 1 to 3

days) at about 300 to 830 °C and 2,000 to 20,000
psi. As already mentioned, an anhydrous variety

of Phase Z is also produced when afwillite is heated
in air at 650 °C. Work in this laboratory, on a

specimen kindly provided by Roy, which had
been made hydro thermally at 715 °C and 16,500

psi, showed that this specimen lost no weight in

the range 100 to 1,400 °C. The material formed
under such conditions is therefore anhydrous. In

contrast, specimens made at lower temperatures

and pressures appear to have higher Ca:Si ratios

and to be hydrated. This result can possibly be
attributed to hydrogarnet-type replacement of Si

by 4H, which would give compositions trending

towards C6S3H2 ; further work is in progress to test

this hypothesis. The so-called "C2S y-hydrate"

or "C2SH(C)" is probably a mixture containing

the lime-rich, hydrated form of Phase Z as one
constituent; this is discussed later.

The stability relations of Phase Z are not fully

established. Roy obtained curves (fig. 2) for the

upper stability limits of afwillite and of Phase Z,

and it might be inferred that the latter was stable

in the intervening field. However, longer runs

appeared to give different products [132], and
Phase Z may be unstable relative to Phase Y and
other compounds, such as wollastonite or foshagite,

over part or all of this range.

Roy [4] gave optical. X-ray powder, and infra-

red absorption data for Phase Z. The approxi-

mate unit-cell parameters have been determined

in this laboratory from a combination of selected-

area electron diffraction and X-ray work; the cell

is orthorhombic or pseudoorthorhombic, body
centered, with a 5.07, 6 1 1 .3, c 23A approx ; the crys-

tals are flaky with (001) cleavage. The unit-cell

contents, for the anhydrous form of the phase, are

8 [C3S2]. The a and h dimensions are about the

same as the corresponding ones for 7-C2S and calcio-

chondrodite, and Phase Z is evidently related

structurally to these two compounds.
_

Incompletely charoxterized phases with Ca:Si near

1.5. Three apparently different phases of roughly

similar compositions have each been reported only

once. "C6S4H3" was described by Flint, McMurdie,
and Wells [6], who made it from glasses and from
CSH(II) at 150 to 200 °C. They gave optical

data, and the X-ray powder pattern was later

reported [133]. "Phase F," of possible composi-

tion C5S3H2, was reported by Aitken and Taylor

[8] as a product formed in lime-quartz pastes cm-ed

at about 165 °C. Its formation was irreproduc-

ible, some specimens of lime giving it and others

not. "Foshallassite," of approximate composition

C3S2H3, was reported as a natural mineral by

Tschirwinsky [7]. The sum of the analysis was

only 97.15 percent and the mineral was possibly

zeophyllite.
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Dicalcium silicate a-hydrate. (C2SH). This
phase is not known as a natural mineral; it was
first isolated by Thorvaldson and Shelton [22]

from steam-cured cement mortars. Early prepa-
rations are reviewed by Taylor and Bessey [11].

The compound has since been obtained by many
investigators at temperatures usually between 100
and 200 °C under pressures of saturated steam
[2, 5, 13, 36, 76]. The most usual starting mate-
rials have been lime-silica mixtures, gels, ^- or

7-C2S, or C3S; in the last case, Ca(0H)2 is also

obtained. C2S a-hydrate is readily formed from
any of these starting materials; crystallization is

further assisted by seeding [13]. Its formation is

probably always preceded by that of CSH(II) or
similar poorly crystallized material, and it is thus
one of the several phases that can form from this

below about 200 °C. Under most conditions it

seems to be the most readily formed, and it is a
common if not universal phase in steam-cured
cement or lime-silica pastes of sufficiently high
overall Ca:Si ratio. Its presence in steam-cured
products is undesirable; this is considered later.

Although C2S a-hydrate crystallizes so readily, it

does not seem ever to be produced as a stable

phase. Below about 140 °C under saturated
steam conditions, it is probably unstable relative

to afwilUte and Ca(0H)2, while above 140 °C it

is probably unstable relative to hillebrandite

[2, 36]. Its transformation to these phases is slow.
The crystal structure has been determined [44]

and indicates the constitution Ca2(HSi04)OH.
Infrared studies have been made of normal and
deuterium substituted material [76,81]. Under
favorable conditions, C2S a-hydrate crystallizes

well; Vigfusson, Bates, and Thorvaldson [23]

made crystals up to 0.5 mm in size by treating

quartz or silica glass plates with lime water in

silver vessels at 170 °C. It forms orthorhombic
tablets or plates of characteristic appearance.
When formed in pastes, it is sometimes poorly
crystallized. Buckle and Taylor [39] reported
that its crystallization in autoclaved C3S or
/3-C2S pastes was gradual, cryptocrystalline mate-
rial being initially formed. There is evidence of
variable composition [2,5]. This seems unlikely
to occur in fully crystalline material if Heller's
structure is correct, but might occur in imperfectly
crystalline material. Dehydration of C2S a-
hydrate occurs on heating in air of ordinary
humidity at about 450 °C; weight-loss [76,84] and
diflFerential thermal analysis [5,76] studies have
been made. The product is unoriented 13-C2S [92].

Hillebrandite. (C2SH). This occurs as a
natural mineral. The first established synthesis
was by Nagai [27] in 1932. Hillebrandite has
since been prepared by many investigators

[2,5,6,11,23,35,73]. For a time there was doubt
as to whether the natural and synthetic products
were identical; but it was shown [11] that this

was because the early powder data for the natural
mineral were incorrect. Later work [36] revealed
slight differences between the powder patterns of
natural and synthetic materials. These have

never been explained, but there can be no doubt
that the two relate to essentially the same species.

Hillebrandite is one of the more troublesome of

the hydrated calcium silicates to prepare. It has
been obtained starting from lime-silica mixtures,

gels, and /S-C^S, but there seems to be no record of

its having been made from 7-C2S or from C3S.
All of the preparations have been made at satu-

rated steam pressures, usually in the range 150 to

250 °C. As has already been stated, the initial

product of such reactions is probably CSH(II).
Hillebrandite seems to crystallize from this not as

an immediate product, but through intermediate
formation of C2S a-hydrate [2,5,36]. It forms
slowly at 140 °C [36], and more rapidly at higher
temperatures; but above about 160 °C "C2S 7-

hydrate" is often more readily formed. Kalousek,
Logiudice,! and Dodson [5], commenting on the
difficulty of preparing hillebrandite reproducibly,

believed that the physical state and reactivity of

the silicic acid were important factors. One
recent careful investigation [13] did not yield

hillebrandite, even though its formation might
have been expected under the conditions used.

There is some evidence that hillebrandite is the

stable phase in contact with water and saturated
steam at about 140 to 180 °C. Heller and Taylor
[36] obtained an apparently pure specimen by a

166-day treatment of /3-C2S at 140 °C. Peppier

[35] determined its solubility relations at 180 °C,

and from experiments of 6 months' duration
concluded that it was a stable ternary phase at

this temperature.
Hillebrandite forms fibrous crystals with a 7.3-A

repeat distance, and alniost certainly contains
Dreierketten. The ionic formula is therefore

possibly Ca2(Si03)(OH)2. Mamedov and Belov

[62] suggested that double Dreierketten occur,

giving Cai2(Si60i7)(OH)i4, or C12S6H7. Further
work is needed to test these two hypotheses.

Dehydration occurs at 520 to 540 °C giving un-
oriented 13-C2S; Toropov, Nikogosyan, and Boi-

kova [134] showed that there was an intermediate,

amorphous stage, and believed that this supported
Mamedov and Belov's suggested structure. Dif-

ferential-thermal-analysis data have been ob-

tained [5,134]. Kalousek, Logiudice, and Dodson
[5] considered that variable Ca:Si ratio occurs,

and further suggested the possibility of a solid-

solution series embracing also foshagite and
tricalcium silicate hydrate. Subsequent unit-cell

determinations [41, 72, 135] show, however, tha,t

the three species are quite distinct. The possi-

bility of limited variability of composition can

nevertheless not be ruled out, at least for badly

crystallized material.

Phase Y. (C6S3H). This phase is not known
in nature. It was described by Roy [4, 131];

unit-cell and dehydration data were afterwards

given [42]. It has since been shown [136] that

several preparations of earlier workers were

probably substantially identical with phase Y.

These are C2SH0 5 of Jander and Franke [12],

C6S3H2 of Flint, McMurdie, and Wells [6] and
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van Valkenburg and Rynders [137], also called

C2SH(D) [9], C2SH0.5 of Funk [13], and C2SH(D)
of Buckle [84]. The evidence for this statement
is based on: (1) optical data, which are substan-

tially the same for all, apart from the preparation

of Flint et al, which was a pseudomorph and might
well be anomalous; (2) comparison of X-ray
single crystal photographs for the actual prepara-
tions made by Roy, Funk, and Buclde; (3)

comparisons of new X-ray powder photographs
for these preparations, along with the published

data of Jander and Franke and of Flint,

McMurdie, and Wells. The X-ray powder data
published previously for these preparations seem
to have been inaccurate in varying degrees, and
new data will be reported elsewhere. Other
properties are well described by Roy [4] and Dent
Glasser and Roy [42]. They obtained good
evidence for the H20:Si ratio 1:3; other recent
results are compatible with this ratio [13, 84].

Roy [4] obtained her preparation at high tem-
peratures and pressures, typically at about 790 °C
and 10,000 to 25,000 psi.

" The other workers used
lower temperatures and pressures. Jander and
Franke, Funk, and Buckle all worked at about
350 °C under pressures of saturated steam
(2,450 psi) while Fhnt, McMurdie, and Wells
worked at 450° C and 6,000 psi. Roy used as

starting materials /3- and 7-C2S and gels; Jander
and Franke used mixtures of lime and quartz;

Buckle used /3-C2S; Flint, McMurdie, and Wells
used C2S a-hydrate; Funk found that his product
was formed irreproducibly from a- or a'-C2S,

rarely from ^-C2^, and never from 7-C2S. At
high temperatures under hydrothermal conditions.

Phase Y is decomposed giving a'-C2S. Roy [4]

obtained a P-T curve (fig. 2) for this transforma-
tion, which occurs at about 810 °C at 20,000 psi.

Phase Y is also dehydrated giving j8-C2S when
heated at about 700 °C under atmospheric
humidity; weight-loss curves have been reported

[42, 84].

Phase Y forms short, prismatic crystals, which
often show simple twinning across a plane in the
prism zone. The crystal structure is unknown.
The repeat distance of 6.73 A in the prism direc-

tion suggests a resemblance to i3-C2S, but the
transformation is unoriented [42]. The high de-
hydration temperature of 640 to 700 °C [42, 84]

suggests that the hydroxyl is ionically bound,
giving Ca6(Si04)(Si207)(OH)2. Roy [4] obtained
infrared data, but these have not been interpreted
in detail.

Calcio-chondrodite (Phase X). (C5S2H). This
is not known as a natural mineral. It was first

described by Roy [4, 131] and, somewhat later,

by Buckle and Taylor [14]. Funk's "C2SH(CII)"
[13], discussed in the next section, also seems to

have consisted largely of this phase. Roy called

her product "Phase X," and considered it to be
CgSsHa; Buckle and Taylor called theirs calcio-

chondrodite, with the formula C5S2H. They
showed from a unit-cell determination that it

was structurally analogous to the well established

622829 0-62-13

mineral, chondrodite ((Mg,Fe)5(Si04)2(OH,F)2)
and their fonnula was based on this analogy and
supported also by other data. Comparison of

the reported X-ray powder and optical data
shows that the two preparations are substantially

identical. There is, however, an error in the
optical data given by Buckle and Taylor; the
sign of elongation should be negative (as stated
by Roy) and not positive.

Roy obtained calcio-chondrodite from various
starting materials mainly at 400 to 800 C° and
pressures above 5,000 psi. She obtained P-T
curves (fig. 2) defining its stability relative to

tricalcium silicate hydrate and to a'-C2S. At
lower pressures, it is formed at considerably
lower temperatures; if, as seems likely, "C2S
7-hydrate" is a mixture containing calcio-chondro-
dite, the latter can be obtained from j8- or 7-C2S
at temperatures as low as 180 °C.

Calcio-chondrodite forms prismatic crystals

which resemble those of olivine in appearance.
They often show twinning across a plane in the
prism zone. Roy [4] reported infrared data.

Buckle and Taylor [14] reported a weight-loss
curve and showed the dehydration products to

be 7-C2S and CaO. The formation of 7- and not
18-C2S, considered along with the structural
similarity, suggests the probable occurrence of

an oriented transformation, but this was not
experimentally verified.

"C2S y-hydrate." (C2SH0.2-,). This name is

used for the product most often obtained when
i8- or 7-C2S or lime-silica mixtures with Ca:Si= 2,

are smtoclaved at 200 to 300 °C under saturated
steam pressures. It has been reported by many
investigators [5, 6, 11, 24, 36, 76]. Recently,
Roy [4] has described an essentiallv similar

"Phase X*," and Funk [13] a "C2SH(CI)" and
"C2SH(CII)." The material crystalhzes badly,
and the only recorded crystallographic data are

a mean refractive index and an X-ray powder
pattern. Both of these, and also the H20:Si
ratio, vary slightly from one sample to another.
Weight-loss [84] and differential-thermal-analysis

[5, 76] data have been obtained, and also infrared

data [76].

The X-ray pattern resembles that of calcio-

chondrodite. Both Roy [4] and Buckle and Taylor
[14] considered the possibility that the two sub-
stances were related. The general formula for

the calcium chondrodite series is 2-CaO-Si02- -H2O
n n

and the lower limit of Ca:Si ratio is thus provided
by 7-C2S. C2S 7-hydrate cannot therefore be
simply a member of this series. It is, however,
so badly defined a substance that there is no
convincing reason to believe that it is a single

phase. The fact that its X-ray powder pattern
is approximately reproducible proves nothing,

because almost all the preparations have been
made from starting materials of the same Ca:Si
ratio. Indeed, when this ratio is lowered [5],

there is an apparently gradual change to a pattern
now identified as belonging to Phase Z.



It thus seems possible, as Roy [4] suggested,

that C2S 7-hy(lrate or "Phase X*" is a member
of the calcium-chondrodite series mixed with a
phase having Ca:Si<2. She suggested that
hydrous siUca might be present. It seems more
probable to the author that these and sunilar

products are mixtures of calcio-chondrodite and
Phase Z. With increasing temperature of prepa-
ration, the Phase Z would become poorer in

lime, and the proportion of calcio-chondrodite

would therefore increase. In agreement with
this hypothesis. Funk's C2SH(CII), made at

250 to 350 °C, gave an X-ray pattern close to

that of calcio-chondrodite, whereas his C2SH(CI),
made at 200 °C, gave a pattern resembling that

of Phase Z.

C2S 7-hydrate seems to form particularly

readily from 7-C2S. This is understandable if

it is a mixture of two phases, both of which are

structurally related to 7-C2S, and which could
thus be formed by oriented transformation.
The difficulty of making hillebrandite from
7-C2S can probably be explained by the fact that

C2S 7-hydrate forms more easily, and is not
decomposed until temperatures well above those

at which hillebrandite can be formed.

Tricalcium silicate hydrate. (C6S2H3). This

phase does not occur as a natural mineral but

is reproducibly prepared by hydrothermal treat-

ment at 200 to 450 °C of C3S, or other starting

materials of similar Ca:Si ratio [4,6.10,24,29,41].

Below 200 °C, C2S a-hydrate and Ca(0H)2
usually are formed, although tricalcium sUicate

hydrate has been made from C3S in freshly mixed
pastes as low as 75 °C [39]. Above about 450 °C,

calcio-chondrodite is formed; Roy [4] determined
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Figure 3. Approximate temperatures of formation of the

better established hydrated or anhydrous calcium silicates

under hydrothermal conditions.

Saturated steam conditions are assumed below 374 °C.; for other reaction
conditions, see text. Curves group phases according to known or probable
degree of condensation of anion. (1) Frameworks. (2) Sheets. (3) Double
chains. (4) Single chains or rings. (5) ShOj groups. (6) Isolated tetra-
hedra.

a P-T curve defining the upper stability limit of

tricalcium silicate hydrate (fig. 2). Under satu-

rated-steam conditions, tricalcium silicate hydrate
is not easily obtaiBed free from C2S a-hydrate or

calcio-chondrodite. Curve 5 (fig. 2), on extrap-

olation downwards, may roughly coincide with
the saturated-steam curve. If this is so, pure
samples could better be obtained by working at

pressures above this curve.

There has been considerable doubt about the

H20:Si ratio of this compound, and the value 2

has often been assumed. Recent work [41]

supports earlier indications that the true value is

1.5. Tricalcium silicate hydrate forms long,

fibrous crystals [6,41]. The repeat distance of

7.48 A in the fiber direction [41] is similar to

that of wollastonite and other calcium silicates

containing Dreierketten. Buckle, Gard, and
Taylor [41] suggested that the relatively high
dehydration temperature of 420 to 550 °C indi-

cates ionic binding of the hydroxyl, giving the

constitutional formula Cae (81207) (OH) e- The
Si207^" groups could be placed with their long

axes parallel to the fiber direction, giving Dreier-

ketten with one tetrahedron in three missing, as

is known to occur in cuspidine [138] and tUleyite

[139]. Mam.edov, Klebtsova, and Belov \Q3]

developed this hypothesis further and postulated

a complete crystal structure, but this has not
been experimentally tested.

The weight-loss curve [41] suggests that the

water is lost in two stages; this has not been
explained. The products of dehydration are

7-C2S and CaO; the formation of 7-C2S could be
taken to indicate a structural relationship, as

with calcio-chondrodite. Further study of the

mechanism of this transformation is needed.

Considerations

The relationships between structure and the

conditions offormation and of dehydration. Avail-

able knowledge of the CaO-Si02-H20 system is

quite inadequate to permit the drawing of any-

thing approaching a true phase equilibrium

diagram for the system as a whole. The results

most important to cement chemistry can, however,
be summarized by plotting the Ca:Si ratio of each

phase against the temperature at which it is

most readily formed (fig. 3). For this purpose it

was assumed that: (1) below 374 °C the pressure

is that of saturated steam, and above 374 °C
it is about 5,000 psi, (2) reactive starting materi-

als are used, such as CSH (I), /S-C^S, or C3S,

(3) reactions are carried out in aqueous suspension,

and (4) sufficient time is allowed for the formation

of apparently stable products (a few months
below 150 °C, falling to a few days at 800 °C).

The curves in figure 3 group the phases accord-

ing to the known or probable degree of condensa-

tion of the anion. They are necessarily somewhat
speculative, mainly because many of the crystal

structures are unknown. Certain trends never-

theless seem clear. Above about 200 °C, a low

degree of condensation is favored by increase
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iB Ca:Si ratio and increase in temperature. This
trend is a consequence of the fact that, in these

relatively high-temperature phases, water when
present occurs as ionically bound hydroxyl, the

proportion of which tends to decrease as

the temperature is raised. The dislocation of

the curves below 150 to 200 °C is explained by the

fact that in low temperature products, water can
also occur as Si-O-H or H2O.
A relation between structure and temperature

is also apparent in the conditions of dehydration

at ordinary humidity under quasi-static condi-

tions. Where the water occurs partly or wholly
as H2O or Si-O-H (tobermorite, nekoite, gyrolite,

afwillite, C2S a-hydrate), dehydration occurs

below about 450 °C. In some cases, it begins

below 100 °C. Where the water occurs entirely

as ionic OH", dehydration occurs at higher tem-
peratures. The dehydration temperature tends

to increase as the water content decreases; in

Ca(0H)2, with the highest water content, it is

about 400 °C [84], while in reyerite, xonotlite,

foshagite. Phase Y, and calcio-chondrodite, which
have low water contents, it is around 700 to

800 °C. Hillebrandite and tricalcium silicate

hydrate are intermediate cases. A rough correla-

tion between temperatures of hydrothermal forma-
tion and of dehydration at ordinary humidity is

to be expected, as the dehydration of a hydrous
phase under the two types of conditions is essen-

tially the same process. In general, it occurs at

considerably higher temperatures when atmos-
pheric humidity is used; the dehydration of

xonotlite to /S-CaSiOa, for instance, occurs at about
700 °C under these conditions but about 400 °C
under hydrothermal conditions. This relation-

ship is the opposite of what would be expected
from extrapolation of P-T curves (fig. 2) to very
low water-vapor pressures. It must be concluded
that dehydration temperatures at ordinary humid-
ity are usually determined by kinetic and not
equilibrium considerations, and that the dehydra-
tion process is strongly catalyzed by water or

steam under hydrothermal conditions.

The influence of CO2 contamination in hydro-
thermal studies on the CaO-Si02-H20 system. It

is difficult entirely to avoid contamination of

hydrated calcium silicate preparations by CO2,
and vmder technical conditions this is often

virtually impossible. A knowledge of the influ-

ence of CO2 on the system is therefore important.
In principle, there appear to be three possible

effects as regards the phases formed:

(1) The CO2 is present entirely as CaCOs.

—

Where more than a few percent of CO2 is found
by chemical analysis, the lines of calcite, or
vaterite, or both can nearly always be found in

the X-ray pattern. Crystallization in the form
of vaterite seems to occur particularly readily in

the presence of hydrated calcium silicates.

(2) The CO2 enters into the structure of a hydrated
calcium silicate.—This possibility is suggested by
analogy with the hydrated calcium aluminates,
some of which can accommodate COs^" ions with

relatively minor changes in structure, apparently
through replacement of 20H~ by COa^" together

with adjustment in the number of water molecules

[140]. This replacement is thus most likely to

occur in tobermorite minerals and other low-

temperature phases. Gaze and Robertson [68] sug-

gested that COa^" could enter into the structure of

tobermorite, but more recent evidence [141] indi-

cates that all the CO2 in tobermorite preparations

can be attributed to calcite, aragonite, or vaterite.

(3) New phases are formed, in which CO2 is an
essential constituent.—There are three known phases

of this type: spurrite, tilleyite, and scawtite.

Scawtite was originally found as a natural min-
eral and has been considered to have the formula

Ca7(Si60i8)C03-2H20. More recently, other speci-

mens have been found with somewhat different

compositions. McConnell and Murdoch [142], in

a review of the subject, concluded that these

variations in composition could best be explained

by assuming replacement of tetrahedrally coordi-

nated Si by C in triangular coordination; they

proposed the general formula Cai4(OH)4(Sii6.z.i,

C4r/3H4;,)044. TMs cannot be right, as it impUes
that the carbon is trivalent; confusion has arisen

between coordination number and oxidation state.

The formula can also be criticized on the ground
that it presupposes a structural relation to the

amphiboles, which, as already seen, is unlikely for

a calcium silicate. The unit cell [143, 144] sug-

gests the presence of Dreierketten rather than

Zweierketten. The correct formulation of scaw-
tite thus awaits fiirther work. The hypothesis

of replacement of Si by C, in a broad sense,

nevertheless appears highly probable, and the

possibility thus exists of finding or preparing a

scawtite low in CO2.
Flint, McMurdie, and Wells [6] prepared a phase

which they considered to be CaO-Si02-H20 under

saturated steam conditions at 1 50 °C. Other workers

have since obtained the phase under comparable
conditions [16, 76. 79]; it appears to form from
tobermorite at or just below the transition tem-
perature to xonotlite. Bogue [9] called it CSH(A).
Its X-ray pattern is very like that of scawtite

[143, 144]. Buckner, Roy, and Roy [79] suggested

that it was in fact identical with scawtite.^ This

identity appears probable in view of the results

for the natm-al mineral described above. The
nonreproducibility of formation of CSH(A) further

accords with the hypothesis that its synthesis

depends on CO2 contamination.
Tilleyite (CasCSioOy) (003)2) and spurrite {C&b

(Si04) 2(003)) are anhydrous phases and form at

higher temperatures. Both occur naturally and
have also been synthesized. In a series of studies

[145-146], Tuttie and Harker obtained Pcoj-T

curves for phase transformations in the anh^^drous

ternary system CaO-Si02-C02. They synthesized

both spurrite and tilleyite at high temperatures

and pressures of CO2. McConnell [147] showed
that they could also be made at somewhat lower

temperatures in the, absence of excess CO2 but

with water at high pressures also present.
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Hydrothermal Reactions in C3S, /3-C2S, and Cement Pastes

All the studies discussed in the remaining sec-

tions of this review relate to saturated steam
pressures.

The immediate products oj hydration of C3S and
18-C2S in pastes. When pastes of C3S or i3-C2S

are cured at 100 to 200 °C, the immediate prod-
ucts do not seem to differ greatly from those
formed at ordinary temperatures. With most
specimens of and probably all specimens of

C3S, these products are CSH gel and Ca(0H)2.
The constitution and composition of the CSH
gel is discussed elsewhere in this symposium [20],

and wUl not be considered in detail here. Inter-

pretations stUl differ, but it seems certain that
Ca : Si is always between 1.5 and 2.0; there is

evidence that it rises within this range as the
curing temperature is increased [20, 38]. With
this qualification, CSH gel formed at 100 to 200 °C
seems to differ little from the corresponding prod-
uct formed at room temperature.
Funk [38] has recently shown that the behavior

of 13-C2S on hydration in pastes at 20 to 120 °C
depends on the stabilizer present. With some
stabilizers, including the commonly used 0.5 per-

cent B2O3, CSH gel and Ca(0H)2 were form.ed.

Funk described )3-C2S made using these stabilizers

as "completely stabilized." It seems probable
that the i8-C2S in cement clinker is normally of this

type. When certain other stabilizers were used,

such as 0.2 percent NaaO, the i3-C2S inverted on
curing to give a modified form of 7-C2S. These
samples of /3-C2S were called "insufficiently sta-

bilized." These effects were substantially in-

dependent of temperature within the range stated.

Later work [13] showed the 7-C2S to be anomalous
in several respects. It had a composition, after

drying over P2O5 at 20 °C, of 1.8 to 2.0 CaO;Si02-
0.5-1.0 H2O, showed minor abnormalities in its

X-ray pattern, and tended, more readily than
did normal 7-C2S, to change further giving
CSH gel.

TEMPERATURE °C.

Figure 4. Phases detected in C3S pastes cured at 20 to 250
°C.

(1) Lower limit of formation of tricalcium silicate hydrate. (2) Lower
limit of formation of C2S a-hydrate. (3) Upper limit of occurrence of unre-
acted C3S. Ca(0H)2 was nearly always found for temperatures below 200
°C. Ca(OHl! and CSH gel were tbe only hydrated phases detected below
and to the left of curves 1 and 2.

Subsequent reactions in /3-C2S pastes. When
"fully stabilized" j3-C2S is hydrated at ordinary
temperatures in pastes to give CSH gel and
Ca(0H)2, no fiH"ther reactions occur at any de-
tectable rate. This is still true at 100 °C. Above
about 120 °C, however, C2S a-hydrate crystallizes

from the gel. Buckle and Taylor [39] were able to

detect this phase by X-ray methods after 5 days
at 120 °C. It formed increasingly rapidly as the
temperature was raised and was found after 12

hours at 180 °C. The 13-C2S used was rather
coarsely ground, and C2S a-hydrate might be
expected to form more rapidly if the particle size

was sim.ilar to that of the 13-C2S in cement. No
other phases were detected in the products of runs
at or below 180 °C, with curing times up to 28
days. Unchanged 18-C2S was found in all these

products, and CSH gel and Ca(0H)2 were also

probably always present. These reactions show
that hydration of i8-C2S in pastes at 100 to ISO °C
proceeds in the way that might be expected from
the fundamental studies discussed previously in

this review. CSH gel and Ca(0H)2 are the initial

products, and above 120 °C C2S a-hydrate crystal-

lizes from them. Both processes occur more
slowly than in suspensions, and the subsequent
changes to give equilibrium products such as

afwillite or hillebrandite do not occur in the times

used in practice.

Subsequent reactions in C3S pastes. Buckle and
Taylor [39] studied the phases formed in C3S
pastes cured at 20 to 200 °C

;
they also made a few

runs at higher tem.peratures. X-ray, optical, and
weight-loss methods were used. They confirmed
that CSH gel and Ca(0H)2 were the immediate
products, at least up to 200 °C. They were the

only products for times up to 5 hr at 100 °C,

or 30 m.in at 170 °C. With longer curing times,

C2S a-hydrate, or tricalcium sUicate hydrate
(TSH), or both were formed, as shown in figiire 4.

The exact positions of the curves in figure 4 apply
only to the particular sample of C3S used in the

investigation. Other samples would possibly be-

have somewhat differently.

Figure 4 shows that C2S a-hydrate is formed at

130 to 200 °C, and TSH in two ranges above and
below 180 °C. These results do not differ ap-

preciably from those found with suspensions except

for the existence of the low-temperature range of

formation of TSH at 50 to 170 °C. This range is

not found with suspensions; Buckle and Taylor
showed, in addition, that it did not occur with aged
C3S pastes that had already been cured for several

years at room temperature. They concluded that

TSH was formed at these temperatures as a non-
equilibrium product. The only other investigators

who have reported the formation of TSH below
180 to 200 °C appear to be KeevU and Thorvaldson

[24], who were able to prepare it at tem.peratures

as low as 110 °C by autoclaving initially dry C3S
powder in saturated steam. These conditions

thus appear to resemble those existing in a paste.

182



Buckle and Taylor also made optical studies on
C3S pastes. In general, pastes cured below
200 °C consisted of a gelatinous or cryptocrystal-
line matrix in which were embedded crystals of

unreacted C3S and of hydrated phases. In pastes
cured under sufficiently nD.Lld conditions of time
and temperature, this matrix consisted of CSH
gel together probably with cryptocrystalline

Ca(0H)2; under more severe conditions, it prob-
ably also contained cryptocrystalline C2S a-

hydrate or TSH, or both. These phases, and also

Ca(0H)2, segregated gradually from the matrix as

curing proceeded. In pastes cured above 200 °C,

the matrix had largely or completely disappeared
and only crystalline phases were observed.
The reactions occurring in QS pastes can be

summarized as follows. The initial products are

CSH gel and Ca(0H)2; at first they are so inti-

mately mixed as to be barely distinct phases, but
crystals of Ca(0H)2 gradually separate. Two
further processes can then occur under appropriate
conditions. Fu-stly, at 130 to 200 °C, the CSH
gel is transformed into C2S a-hydrate. Crystalli-

zation of this phase is probably a gradual process.

It is probably cryptocrystalline at first and, when
in this state, can possibly have a nonstoichiometric
composition, as was suggested by Kalousek,
Logiudice, and Dodson [5]. The formation of

C2S a-hydrate probably occurs through an internal

rearrangement within the CSH gel and does not
depend much, if at all, on reaction with the
Ca(0H)2 crystals. It therefore occurs readily,

even in aged pastes. Secondly, TSH can be
formed. Because TSH has a high Ca:Si ratio, this

process depends on reaction between the CSH gel

and Ca(0H)2. It therefore does not occur below
180 to 200 °C, except in fresh pastes where the
Ca(0H)2 crystals are still small, and which are

thus still relatively homogeneous. Above 180 to

200 °C complete recrystallization of the material
occurs within a few days. This results in the for-

mation of TSH, or at higher temperatures, of

calcio-chondrodite and Ca(0H)2; these phases
are probably then formed as equilibrium products.

The compressive strengths oj autcdaved C3S and
18-C2S pastes. Assuming typical curing times of

12 to 24 hr, the strengths of i3-C2S pastes increase

continuously with curing temperature up to at

least 200 °C; those of C3S pastes, in contrast,

decrease markedly when the curing temperature
exceeds 180 to 200 °C. C3S pastes cured below
180 to 200 °C are stronger than j8-C2S pastes, but
for higher curing temperatures the reverse is

true [39, 148]. This phenomenon is readily ex-

plained. Development of strength in C3S or

i8-C2S pastes without added silica seems to depend
on the formation of an adequate proportion of the
matrix. With either compound, the sequence of

reactions is one in which the matrix is first formed
and afterwards destroyed. (8-C2S reacts so slowly
that the first process is still the dominant one, even
after many hours' curing at 200 °C; strengths at

this temperature are therefore greater for typical

curing times of 12 to 24 hr than at lower tempera-
tures. C3S reacts more rapidly, so that the second
process occurs extensively after a few hours at
180 to 200 °C. This causes the strengths of
C3S pastes cured for typical periods at 200 °C to
be much lower than those of pastes cured for simi-
lar times at lower temperatures.

Hydrothermal cur-ing of neat cement pastes. The
first systematic study of the hydrated phases pro-
duced in neat cement pastes cured hydrother-
m.ally was made by Kalousek and co-workers
[86-88]. They based their conclusions principally

on the results of differential-thermal-analysis

studies. With cements cm'ed at 100 °C and
above, any separate hydrated aluminate or sulfo-

aluminate phases that were initially formed were
quickly decomposed. There was evidence that
at 100 °C, ettringite persisted for up to 30 min; a
C4AH13— C3A-CaS04-12H20 solid solution was
then formed, and was at a maximum in 2 hr, but
this also had disappeared within 4 hr. The prod-
uct of this reaction, which Kalousek called "Phase
X," was a gel containing all the oxide components
of the cement. At curing temperatures above
100 °C, no separate hydrated aluminate or ferrite

phases at all were found. A particularly careful

search was made for C3AH6 or hydrogarnet solid

solutions, but these were not found, although a num-
ber of different cements were examined after differ-

ing curing times at temperatures between 120 and
175 °C. C2S a-hydrate was, however, detected
in cements cured at these temperatures.
Kalousek believed that Phase X formed at or

above 100 °C differed from the corresponding
phase formed at lower temperatures, though per-
haps only in porosity. It seems to be essentially

the same as CSH gel, modified by the incorpora-
tion of AI2O3 and the other minor components of

the cement.
Kalousek [37] and Kalousek and Prebus [17]

afterwards reported X-ray and electron micro-
scope studies on neat cement pastes cured at 50 to

120 °C. With one cement, cured according to a
plant cycle at 50 to 80 °C, they obtained evidence
of the formation of CSH gel, fibrous CSH (II),

Ca(0H)2, hillebrandite, and, possibly, C2S a-hy-
drate. An oU-well cement cm'ed at 120 °C also

appeared to yield hillebrandite. The reported
formation of this phase can be compared with that
of TSH from pure C3S imder similar conditions

[39]. It is tempting to suppose that the phase
formed in the cements may in reality have been
TSH, as the X-ray patterns of TSH and hille-

brandite are difficvdt to distinguish in a complex
mixture. On the other hand, cements may very
well differ from pure C3S in their behavior. In
either case, Kalousek's observation seems to pro-
vide further evidence that certain hydrated phases
are sometimes formed in pastes at temperatm-es
much lower than those at which they are formed
in suspensions.

Sanders and Smothers [120] made X-ray studies

on a neat cement paste cured for 24 hr at 182 °C.
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They found CSH gel, Ca(0H)2, C2S a-hydrate, and
unreacted C3S and J8-C2S.

These results suggest that the behavior of neat
cements in the autoclave is not too different from
that of i3-C2S or C3S; the successive formation of

a modified form of CSH gel and of C2S a-hydrate,

together with Ca(0H)2 in each case, seems estab-

Hydrothermal Reactions in Lime

Introduction. The studies on neat cement, C3S,
and 13-C2S pastes described in the previous section

are of direct technical interest only up to tem-
peratures little above 100 °C. When higher cur-

ing temperatures are used, low strengths are ob-
tained unless finely divided quartz or other reactive

forms of silica are added to the cement. Small
additions of silica cause a decrease in strength, but
larger additions, of 40 to 70 percent on the weight
of the cement, cause a marked increase [149].

These variations in strength can be compared with
the overall Ca:Si ratio of the mix. For most neat
cements, this ratio is aroimd 3. Minimum
strengths are obtained when it is aroimd 2, and
maximum strengths at 0.8-1.0. Comparable re-

sidts for lime-quartz pastes have recently been
obtained [150]. These results indicate that the
bonding material in autoclaved products has a
lower Ca:Si ratio than the CSH gel which serves

this purpose in products cured at lower tempera-
tures. As will be shown, it is also much more
crystalline. This fact accounts for the lower dry-
ing shrinkages that are found with autoclaved
products.

Autoclaved lime-silica pastes. These are of direct

technical importance because they include sand-
lime bricks, lightweight heat-insulating materials,
and other commercial products. They are also of

interest because they provide a means of studying
the most important of the processes that occur in

cement-silica pastes whUe avoiding the complica-
tions inherent in a multicomponent system.
Bessey [151] reported optical studies on sand-

lime bricks, and also made estimates of the Ca:Si
ratios of the bonding material based on soluble
silica determinations. He found that the bonding
material was sometimes gelatinous, sometimes
crystalline, and that its Ca:Si ratio varied from
0.97-1.77. The gelatinous material was probably
CSH gel, while the appearance of the crystalline

one suggests that it may have consisted of

xonotlite. Taylor [152] showed from X-ray and
chemical studies that a tobermorite mineral was
present in a commercial lightweight sand-lime
block. The X-ray data can be reinterpreted in the
light of present day knowledge as indicating the
presence of crystalline 11.3-A tobermorite. The
overall Ca:Si ratio of the bonding material was
shown from soluble silica determinations to be 1.28.

A poorly crystallized tobermorite mineral of higher
Ca:Si ratio than tobermorite itself was therefore
probably also present and undetected by the
X-ray determination.

lished. More work is clearly needed to establish
definitely whether, and if so in what form, the
AI2O3 and other minor constituents are incorpo-
rated in the CSH gel. It would also be interestirg
to know whether separate aluminate phases, such
as C3AH6, hydrogarnets, or C4A3H3 can be detected
if curing temperatures above 200 °C are used.

Silica and Cement- Silica Pastes

A more systematic investigation was made by
Kalousek [90] who prepared blocks from lime and
silica, and also from other starting materials; he
examined the products mainly by X-rays, differen-

tial thermal analysis, and soluble-silica determina-
tions. His X-ray results confirmed that crystalline

tobermorite was a frequent constituent of auto-
claved pastes in which the bonding material had a
Ca:Si ratio below 1.3. His differential-thermal-

analysis results showed that CSH (I) was also

present, as there was a strong exothermic peak
at 840 to 860 °C. Where the Ca:Si ratio of the
bonding material exceeded 1.3, the differential-

thermal-analysis results showed the presence of

C2S a-hydrate.

Kalousek [37] later showed that the reaction

between lime and silica involved the intermediate
formation of CSH (II) and CSH (I), or of phases
similar in composition to these. The reactions of

Ca(0H)2 with quartz and with sUicic acid were
followed using X-rays, differential thermal analy-
sis, soluble-silica determinations, specific-surface

measurements and electron microscopy. The re-

actions were studied in slurries with a water-to-
solids weight ratio of 3.5, but it seems probable
that the results are in general applicable also to

pastes. For mixes of Ca:Si mole ratio 0.8, using
either quartz or sUicic acid, the initial product had
the approximate composition Ci rsSH^. Kalousek
considered that this was usually CSH (II), but that

in some cases where quartz was used, a poorly
crystallized form of C2S a-hydrate was formed in-

stead. In either case, this lime-rich phase then
reacted with more sUica, giving in succession com-
pounds of the compositions Ci.25SH„, CSH„, and
Co.gSHn, followed by tobermorite. The specific

surface rose to a maximum with the formation of

Co.gSHn, and afterwards fell sharply with the

crystallization of tobermorite. At first, Kalousek
considered that the compositions C].25SH„, CSH„,
and Co.gSHn corresponded to distinct compounds,
but later [17] he regarded these as being all essen-

tially the same phase, with a Ca:Si ratio variable

between 0.8 and 1.33. This is the phase called

CSH (I) in this review.

Kalousek found that the rates of these succes-

sive transformations depended on the exact nature
of the starting material. In particular, the trans-

formation of CSH(I) into tobermorite was more
rapid with quartz than with silicic acid. He
attributed this difference to the higher silica con-

centrations in solution likely to be obtained with
sUicic acid, which he believed would make the
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CSH(I) more stable relative to tobermorite. He
found also that the presence of reactive AI2O3

favored the formation of tobermorite.

In the main, these results have been amply con-

firmed by the work of later investigators. It may,
however, be doubted whether C2S a-hydrate is

ever an initial product in the lime-silica reaction.

Other workers have considered that the initial

product is always a poorly crystallized tobermorite
mineral, and that C2S a-hydrate forms from this

as a second-stage product [2, 8, 36]. As stated

previously, Kalousek's results, though obtained
on slurries, probably apply in other respects to

pastes. Rates of reaction may be somewhat dif-

ferent, and the intermediate products may be less

well crystallized in pastes. The high-lime tober-

morite mineral, in particular, is probably CSH gel

rather than CSH (II) when formed in pastes.

Neese and associates [106, 121] studied the
phases produced in lime-quartz pastes, using chem-
ical. X-ray, and optical methods, as well as dif-

ferential thermal analysis, weight-loss curves, and
dUatometry. They prepared pastes with molar
Ca:Si ratios of about 0.33 and 0.66, as well as

ones using cement, which are discussed later.

Typical results are shown in figure 5. They con-
firm Kalousek's views on the intermediate forma-
tion of CSH (II) and CSH (I).

Aitken and Taylor [8] also studied the phases
produced in lime-quartz pastes. They investigated

a wider range of Ca:Si ratios than did Neese,
and also extended the autoclaving periods to

longer times, but did not attempt to distinguish

between different, poorly crystallized tobermorite
minerals, which were collectively called CSH.
Other products obtained were tobermorite, xonot-
lite, g5rrolite, C2S a-hydrate, hillebrandite, and
"Phase F." From the results of this study, to-

gether with those already described, the principal

features of the lime-quartz reaction in pastes
autoclaved under saturated steam pressures at 100
to 200 °C can be summarized as follows

:

(1) The initial reaction gives CSH (II) or CSH
gel, with a Ca:Si ratio of at least 1.5. In pastes
of low overall Ca:Si ratio (e.g., 0.8-1.0), the lime
therefore disappears before the quartz.

(2) At low overall Ca:Si ratios, the CSH(II)
reacts with more silica to give CSH (I). When
first formed, this probably has a Ca:Si ratio of

1 .25. The value drops gradually to 0.8 as reaction
proceeds.

(3) The CSH (I) recrystallizes to tobermorite.
The rate of this process depends greatly on the
temperature. At 175 °C tobermorite can be de-
tected within 12 hr, but at 125 °C (the lowest
temperature at which it has been found in a paste)
several days' reaction is needed. This process
occurs more quickly if reactive aluminous materials
are present, but more slowly if silica gel is sub-
stituted for the quartz.

(4) If the temperature is high enough, the tober-
morite is changed into xonotlite. This phase has
been detected in pastes cured at 165 °C, but its

formation under these conditions is slow. It is

200°

I80° C«)SHn + T+ Q

I60° <^ — C|.o5HKi +Q

^"""''^--*£j,:25SHn + Q

140°

l»25 N"*" ^" ^

120°

100°
C

\l 1 1

) 4 8 12 16 20 24

CURING TIME - HOURS

Figure 5. Phases detected in lime-quartz pastes {Neese

Ca:Si molar ratio 0.33, specific surface of quartz 4514 cmVg. Q= quartz,
T= tobermorite, CH=Ca(0H)2.

not formed to a detectable extent in less than 24
hr below 180 to 190 °C.

(5) At overall Ca:Si ratios below 0.83, unre-

acted quartz remains after all the CSH (II) and
CSH (I) have been converted into tobermorite.

Reaction of tobermorite or CSH (I) with residual

quartz can occur, giving gyrolite. This reaction,

however, is very slow, probably because it can
only take place at the interface of the quartz and
the tobermorite. Gyrolite can nevertheless some-
times be detected in pastes with Ca:Si<0.67
after one or more days' autoclaving at 165 to 200
°C. Its formation under these conditions is not
very reproducible. Xonotlite is sometimes formed
when gyrolite might be expected, presumably be-

cause the tobermorite alters to xonotlite more
quickly than it can react with the quartz.

(6) If overall Ca:Si exceeds 1.2-1.3, there is not
enough quartz to convert all the CSH (II) into

CSH (I). A different set of reactions thus occurs,

which begins with recrystallization of the CSH (II).

The usual product of this recrystallization is C2S
a-hydrate which is formed slowly at 125 °C and
more quickly at higher temperatures.

(7) "Phase F," of possible composition C5S3H2,

seems to be an alternative recrystallization product
of CSH (II), but its formation is irreproducible ; it

was formed most often at around 165 °C [8].

(8) At sufficiently high temperatures, C2S a-

hydrate or phase F can alter to hillebrandite.

This phase is formed to a detectable extent in

pastes cured for 1 to 2 days at 165 to 200 °C.

Autoclaved cement-silica pastes. The pioneer

work of Thorvaldson and Shelton [22] showed
that C2S a-hydrate can be formed in cement-sUica
pastes. Later work, however, has shown that

formation of this phase is associated ^vith low me-
chanical strength, and that satisfactory strengths

are obtained when tobermorite is formed.
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Kalousek and co-workers [17, 86, 88, 90] studied
autoclaved cement-quartz pastes using differential

thermal analysis, X-ray diffraction, and chemical
methods. They showed that addition of small
proportions of fine quartz to the cement, before

autoclaving for 24 hr at 175 °C, increased the
proportion of C2S a-hydrate in the product and
decreased that of Ca(0H)2. With about 9 per-

cent of quartz (on the weight of cement) the

yield of C2S a-hydrate was at a maximum, and
formation of Ca(0H)2 was eliminated. At this

composition, the strength is at a minimum [149]

;

Kalousek concluded that low strength was corre-

lated with formation of C2S a-hydrate. Wlien
more quartz was added, formation of C2S a-

hydrate was reduced and ultimately eliminated,

tobermorite being formed instead. Maximum
formation of tobermorite occurred at about the
compositions known to give the highest strength

[149]. High strength was thus attributed to

formation of tobermorite.

Sanders and Smothers [120] obtained closely

similar results. They autoclaved cement-quartz
pastes for 24 hr at 182 °C and made X.-ray studies

and strength tests on the products. The hydrated
phases were detected, and in some cases estimated
quantitatively, using a diffractometer. Ten-per-
cent addition of quartz effected a maximum in

the formation of C2S a-hydrate and a minimum
in strength; 35 percent addition of quartz effected

a maximum in the formation of tobermorite and
a maximum in strength. Less tobermorite was
formed if curing was at 159 °C, and none at all

if it was at 125 °C, or if silica gel was substituted
for the quartz.

Neese, Spangenberg, and Weiskirchner [106]

studied the phases produced in pastes cured at

151 to 197 °C, with quartz : cement weight ratios

of 1.5 and 3.0. They reported the formation of

CSH(I), tobermorite, and nekoite. The detection
of nekoite was based only on optical evidence,
and must be considered doubtful.

In none of the investigations described in this

section were any hydrated aluminate or ferrite

phases detected; in particular, CsAHe and other
hydrogarnets were not found. It therefore appears
probable that, as with autoclaved neat cement
pastes, the minor components of the cement are
incorporated into hydrated silicate phases.
The results discussed in this section show that

when cement-sUica pastes are autoclaved at 150
to 200 °C, the cement behaves to a first approxi-
mation as a source of lime and silica. The phases
produced are the ones that would be form.ed in

lime-silica pastes with the same Ca:Si ratio.

Typical neat-cement pastes have a Ca:Si ratio

of about 3; addition of 9 to 10 percent of quartz,

which gives a maximum yield of C2S a-hydrate,
lowers the overall ratio to about 2, while 40 to 70
percent additions, which give a maximum yield

of tobermorite, lower it to 0.8-1.0. The mecha-
nism of the process also is probably not very dif-

ferent from that occurring in lime-sHica pastes.

Differences between cement and lime can be ex-

pected to arise because of the different physical

state of the reactants, and because of the presence

of AI2O3 in the cement, but they do not seem to

affect the essential features of the reaction.

The fact that high strength in autoclaved

cement-sUica products is associated with forma-

tion of tobermorite shows that crystalline as well

as gelatinous phases can have good cementing

properties, though the behavior of C2S a-hydrate

shows that this is not true of all crystalline phases.

The reason for this behavior is still not understood.

Note on Further Investigations

The author much regrets that he became aware
of a group of papers from the U.S.S.R. too late

to discuss them in this review. They are, how-
ever, included in the list of references [153-166].

References 153 and 154 deal mainly with the

lime-silica reaction, 155 to 160 with the hydro-
thermal curing of C3S or 13-C2S pastes with or

without added silica, and 161 to 166 with the
hydrothermal curing of cement or cement-silica

pastes.
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Discussion

Gunnar O. Assarsson

Tlie discussion below concerns only the reac-
tions with saturated steam in the temperature

range 100 to 240 °C, planned by the present author
and published 1956-60 [I]}

If compounds that are in real equilibrium with
the surrounding phases were to be prepared,
solutions of ions heated to the required temper-
ature would have to be used; such experiments
would be impossible to perform practically. The
experiments must therefore be realized with other
types of components, not forgetting the fact that
the relevant conclusions may be drawn only if all

premises are taken into consideration. When
components are used in the solid state as colloids

or as crystals instead of ions, we introduce some
new reaction types that could, however, be clearly

explained if a sufficiently good knowledge of

possibilities for the formation of the phases is

available, and if it is used correctly.

In most cases the solid phases, silica and calcium
hydroxide, are mixed with water and afterwards
autoclaved as slurries or pastes. It has been
suggested that mixtures of amorphous silica of

different origin give different results. In our
laboratory we have investigated some silica

samples, dried on the steam bath or heated in an
air bath 300 to 400 °C. The same results have
always been obtained, independent of the kind
of silica ; the only precaution we took was to grind
and sieve the silica before mixing it with the

calcium hydroxide or oxide. A slurry in which a
certain part of the solids could precipitate was
avoided. The autoclaves, in which the platinum
crucibles were hung on a silver gallows, were
equipped with manometers for pressure control

and valves for evacuation. The heating-up period
was always performed according to a program in

which the reaction temperature was reached with
the least delay. In this way the experiments
could be reproduced without difficulty. When
quartz or silicates were used, the surface area per
gram of the mineral was always determined, and
it was also necessary in this case to limit the added
amount of water.

The reaction between lime and silica will begin
when the silicate ions are dissolved from the small
lumps of amorphous silica or from the crystals

of the well-crystallized compounds (quartz, feld-

spar, mica) . The ions are monomeric and have the

configuration [SiOi]*". The ions will immediately
be saturated by Ca ions as far as the supply of these

ions in the surroundings will allow. These reac-

tions between silicate ions and Ca ions are the

initial ones that always take place in every system
containing CH-S-H. Up to the present, three

compounds with var3dng lime content are known
to occur as initial phases in the systems between
100 and 250 °C, having the initial configuration

according to the schematic representation below
and finally crystallizing as phases established by
X-ray measurements.

1 Figures in brackets indicate the literature references at the end of this

paper.
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Figure 1. Reactions in the system Ca(OH)z-amorp/iows
silica.
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1st stage (unstable)
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2nd stage
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3rd stage (» 150° stable)

Gyrolite

a;-2 CaOSiOzHzO

3rd stage (>150° unstable)

Tobermorite (Xonotlite)

4th stage (>i50° stable)

Gyrolite

The System Lime-Amorphous Silica-W^ter

The Low-Temperature Phases (<150 °C)

The formation of the three compounds at the
saturation of the silicate ion, the Z-phase, the
tobermorite phase, and the a-dicalcium silicate

monohydrate phase, depends on the supply of

lime. In most cases some silica seems to remain
uncombined. Only one of the three phases can
be in equilibrium with silica, apart from the mix-
ture corresponding to an invariant point (two sili-

cates + silica). At present it seems to be impos-
sible to establish the silicate in equilibrium with
silica by running experiments over a long period;

other methods must be used.

This system gives the best survey of the reac-

tions, and observations in other systems have to

be based on the results ; the formation of the phases
is illustrated in the scheme shown in figure 1.

The High-Temperature Phases

Since the low-temperature phases always occur
at higher temperature during a short period of

time, they can be recovered as transition com-
pounds. In these cases they reach the range of

the high-temperature phases because of a rather
slow rate of crystallization. The temperature of

the transition phases is now considerably higher
than their own real highest temperature of forma-
tion. The position of the substances in the
thermochemical system of the compounds leads

to a production of heat caused by the recrystal-

lization. From the thermochemical point of view
the compounds formed by these reactions must
be stable phases. Figure 1 shows these high-
temperature phases (gyrolite, xonotlite, and hUle-
brandite) ; the final high-temperature products
will contain the phases in proportions that can be
calculated from the compositions of the initial

mixtures.

The System Lime-Quartz-Water

As mentioned above it is necessary to know the
supply of lime per unit area of mineral surface, if

the products formed are to be estimated. A
survey of the reactions is presented in figure 2.

CaO -» 200

mg CaO/^z mineral surface

Figure 2. Reactions in the si/stein Ca(OH)2-g!/aW2.
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The general course of the reactions noted in the
system lime-amorphous silica-water can also be
followed here. The compounds first formed
depend to a high degree on the supply of lime;

mixtures poor in lime yield the tobermorite phase
as first compound; the mixtures rich in lime, on
the other hand, the a-dicalcium sUicate hydrate.
The boundary between these two ranges cor-

responds approximately to about 200 mg CaO/m^
mineral surface. The sequence of crystallization

products is the same as in the system with amor-
phous silica; on the assumption that solid quartz
remains during the autoclave treatment the
principal reaction will lead to formation of the
compound poorest in lime, the gyrolite phase,

at 150 to 250 °C.

In some points the system with quartz differs

from that with amorphous sUica. In the quartz
system the hemicalcium silicate, the Z-phase, has
not been recovered. There are two possible

explanations of this. The Z-phase may not be a

stable phase, in which case it would not be formed.
Secondly, in the system with amorphous silica

the production of silicate ions is abundant, in the

system with quartz or sUicates the supply of ions

is regulated by the rate of dissolution from the
surface of the crystals. Probably this rate is not
sufficiently high to yield a hemicalcium silicate.

Thus, the initial reaction will be extremely depend-
ent on the state of the lattice of the reacting sur-

face. Investigations with varying reacting sur-

face combined with the state of the lattice have
not yet been performed; they should be very
elucidating for the explanation of the system.
Among the products compounds appear that

would not be expected in the correct formation of

solids outlined above. Small amounts of xonot-
lite and hillebrandite occur, possibly also other
compounds. In the heterogeneous system with
quartz, pores and cavities will always occur,

rendering available possibilities for special com-
pounds not subjected to the diffusion of ions

which is a condition for a homogeneous reaction

product. The low rate of transformation also

tends to preserve these compounds.

The System Lime-Silicate-Water

For the present, only the systems with feldspar

and muscovite have been investigated system-
tically. The systems of this kind require special

considerations.

The attack of lime on the surface of the crystals

depends even in this case on the supply of lime per
unit area of the mineral surface. Mixtures poor
in lime yield monocalcium silicate (the tobermorite
phase), and those rich in lime the a-dicalcium
silicate hydrate. The boundary between these
ranges corresponds to about 100 mg CaO/m^ for

feldspar, and less than 25 mg CaO/m^ for

muscovite (fig. 3). Further treatment at tem-
peratures 150 to 250 °C leads to the formation of

gjTolite, in agreement with the sequence of

crystallization found for the system with quartz.

FELDSPAR, MUSCOVITE

1st stage (unstable)

substance B

Tobermorite * Hydrogarnet
(*6ismondite(?))

3rd stage (>150° stable)

Gyrolite •Hydrogarnet

2nd stage
150° stable n
150° unstable/

a-2CaO Si02 H20
(*Gismondite(?))

Hydrogarnet

3rd stage (>150° unstable)

Tobermorite* Hydrogarnet

4th stage (>i50° stable)

Gyrolite » Hydrogarnet

CaO (Feldspar) 100

(Muscovite) < 25
mg CaO/^2 mineral surface

Figure 3. Reactions in the systems Ca(0}l) 2-feldspar and
muscovite.

The silicates contain other components than
silica, in the above two cases alumina and alkalies.

The alkalies do not influence the reactions to a

noticeable degree. Alumina reacts with lime
chiefly forming hydrogarnets. The hydrogarnets
vary considerably in composition during the auto-

clave treatment. The compound first formed has
the approximate composition 3CaO-Al203-l-5Si02-
3H2O ; later during the treatment the composition
is changed to about 3CaO-Al2O3-0.5SiO2-5H2O.
When the attack of lime on the mineral is vigorous
(high temperature, easily attacked mineral lattice),

the hydrogarnets are registered as bands in the

X-ray photographs; with a slow attack the bands
are divided into sets of distinct lines, showing a

rhythmical crystallization of the compound.
At low temperature (<150 °C) a new compound

appears, having a characteristic line at lOA,
possibly indicating a zeolite (gismondite) . This
compound has not been shown in products auto-

claved at higher temperatures. Some other

unidentified lines occur also in the X-ray photo-
graphs. This part of the system is not investi-

gated sufficiently, probably the occurrence of

some other compounds can be established.

The Diffusion Layers

When the minerals react with calcium hydrox-
ide, the crystal surface will immediately be
covered with a cryptocrystalline la3^er, in the

present paper designated substance B. It is

identical with the substance formed when calcium
hydroxide reacts with amorphous silica. The
substance has been considered identical with the

tobermorite phase, and its varying lime content is

explained as an excess of lime adsorbed on
tobermorite crystallites of low frequency with
lattice units similarly oriented especially in the
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c direction. From the results of the investigations

described above, however, the conclusion must be
drawn that the substance B is a mixture of several

substances. When lime reacts under hydro-
thermal conditions with silicates containing
alumina or ferric oxide, these components will

occur in the substances.

The thickness of the layers represents the

formation rate of the solids, and the boundary
concentration of lime wUl give a certain idea of the

production of ions. The importance of the

diffusion layers has been emphasized earlier in a

paper concerning the system Ca almuinate-solu-

tion [2]. The same reaction types will always be
found in every heterogeneous solid-liquid system,
and without a detailed knowledge of the properties

of the solids formed and the sequence of crystal-

lization the character of the final reaction products
cannot be shown. The reaction conditions at the

crystal surface depend on the attacking agent, in

this case the lime, and experiments in which the

supply of lime per unit area of the crystal surface

is unknown are of very little value for an under-
standing of the observations.

The reaction layers are of two types forming
monocalcium or dicalcium silicates as first crys-

taUizing product. The boimdary concentration

of lime is only approximate, but it gives a good
conception of the resistance of the mineral lattice

to the attacking agent and a possibility of cal-

culating the amoimts of the hydration products, at

the point where the products change properties.

The three minerals investigated (quartz, feld-

spar, and mica) show varying resistance to the

attack of lime. The most resistant mineral is

quartz (200 mg CaO/m^ mineral surface), then
feldspar (100 mg CaO/m^), and least the mica
«25 mg CaO/m^). The thickness of the layers

is listed in table 1 . It is calculated on the assump-
tion that the lime is equally distributed over the
mineral surface, disregarding pores and cavities.

Table 1. Thickness of the reaction layers at the boundary.
CaO concentration at the boundary: with quartz, 200 mg
CaO/m^; with feldspar, 100 mg CaO/m^; with mica, 25 mg
CaO/m2

Character of the layer Quartz Feldspar Muscovite

mm mm mm
Monocalcium silicate (tobermorite)... 2.1X10-* 0.6X10-* 0.2X10-*
a-dicalcium silicate 1.2X10-' 1.4X10-* 0.2X10-«
2:3 calcium silicate (gyrolite). 2.5X10-*

The first layer formed is the tobermorite or

a-dicalcium silicate hydrate afterwards trans-

formed into the gyrolite compound. The alumi-
nous silicates also yield hydrogarnets. The thick-

ness of the layers at the concentration boundary
has a magnitude of 0.1 - 2.5 X 10~* mm.

The Z-Phase

The Z-phase, first prepared by the present
author, is mentioned by Taylor as identical with
the substance CaHiSijO? prepared by Funk and

Thilo [3]. The preparation method of these
authors is irrelevant for the present system. The
spacings given by Funk and Thilo are listed in

table 2 together with new measurements of the
Z-phase made by the present author. The
spacings agree in some cases, in others not. The
symmetry of the Z-phase is probably not ortho-
rhombic, but monoclinic or triclinic. Considering
the different methods of preparation it would be
surprising if the two substances were identical.

Table 2. X-roy data on hemicalcium silicate hydrates

Z-phase (Assarsson) Ca0.2Si02-2
or 3H2O (autocl. 140 °C, 24 hr)

a=15.16
6= 3.79?

c= 8.330

/ d hkl / d hkl

s 15.1 100 w 8. 32 001
m 8. 35 001 www 5.02 200
m 5. 070 300 m 4. 18 002
w 4.390 WW 3.82 010
WW 4. 165 002 WW 3. 35 300
w 3. 786 010? s 3. 03 210
w-m 3. 357 WW 2. 77 003
bd w 3. 80-3. 36 www 2.52 400
WW 3.142 www 2.26 013
m 3.033 500 www 2. 08 004
bd w 3. 14-3. 03 WW 1.92 020
br w 2. 778 003 www 1.87 403, 313
w 2. 410 s 1.82 502
w 1.911 020?
s 1.817
br w 1.336
w 1. 192

CaHiSljO? (Funk and Thilo)
(autocl. 180 "C, 24 hr)

According to Funk and Thilo

orthorhombic
a= 10.04
6= 3.82
c= 8.32

The Tobermorite Phase

The tobermorite phase prepared by autoclaving
mixtures of lime and amorphous sUica has been
considered to have the composition shown in some
mineral species, corresponding to CjSeHs. When
mixtures of lime and amorphous silica, having the

molar proportion CaO :Si02= 0.80 : 1 and 0.85:1,

are autoclaved at 180 to 200 °C, the tobermorite
phase should be formed in an almost pure condi-

tion. The products, however, contain consider-

able amounts of the gyrolite compound. The
synthetic tobermorite compound should therefore

be a monocalcium suicate.

Some experiments performed in order to estab-

lish the formation of the tobermorite in the presence

of alumina and kaolinite showed that the spacings

of tobermorite do not change on addition of these

compounds and that the formation of the tober-

morite takes place in a normal manner and to the

expected extent if the reaction surface area per

grams of mineral is taken into consideration.

Other Compounds

The compounds mentioned in this paper are

limited to three low-temperature phases (Z-phase,

tobermorite, and a-dicalcium silicate liA'drate)

and three high-temperature phases (g^ToKte,

xonotlite, and hillebrandite). The high-tempera-
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ture phases are the only ones occurring in equilib-

rium at about 150 to 250 °C. The equihbrium
of the low-temperature phases is not yet estab-

lished. Besides these compounds, however, some
others occur that obviously belong to the system
but have not yet been prepared synthetically.

Their formation conditions nmst be extraordinary

and outside common methods of preparation.

They are okenite, nekoite, truscottite, foshagite,

perhaps partly also afwillite and others. In the

experiments on which the above results are based
the lattice of the initial silicates does not contain
lime. The compounds formed by autoclave
treatment of mixtures with lime must therefore be
independent of the configuration of the lattice of

the sUicate, and the calcium silicate hydrates are

formed according to the normal conditions (figs 2

and 3). On the other hand, when the sUicate

lattice initially contains calcium ions, the positions

of the ions are already occupied to some degree, a

certain part of the formation energy is consumed
and the conditions for the formation of hydrated
products are limited. When the surplus of forma-
tion energy between the stable and unstable
compounds in question is insignificant, the phases
formed at the hydration behave as metastable
compounds, and the real equilibrium is not reached.

This relation is characteristic for the system; it

seems to be the explanation of the somewhat
contradictory results given in the literature.

Ions extraneous to the pure systems can also

cause results of this kind.
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Discussion

H. Grothe, G. Schimmel, and H. zur Strassen

The following discussion presents a report of
some observations on tobermorite formed in
sand-lime bricks. The electron-microscope inves-
tigations described [1] ^ are of interest for the
hydrothermal reaction between quartz and hme [2].

Method of Investigation and Results

When sand-lime bricks were formed, pohshed
quartz crystals were embedded in them. After
the reaction the bricks were crushed and the
crystals carefully taken out. Then a quicldy
hardening resin was poured oh the crystal surface,

I Figures in brackets indicate the literature references at the end of this
paper.

which could be taken off from the quartz crystal

after hardening. In this process the fine reaction
layer of calcium silicate hydrate which had formed
on the quartz surface adhered at least partially

to the resin. To that side of the resin facing the
quartz a carbon film was applied by sublimation
in vacuum. When dissolving the resin the
carbon film remained with the adhering crystals

which could be put on a specimen screen of the
electron microscope for investigation.

The photographs belonging to this investigation

were made during a test series in which the reaction
temperature was kept constant at 195 °C.

After a reaction lasting for 1 hr, diffraction

diagrams showed some strong reflections of a
tobermorite-like phase. After a reaction period
of 3 hr fibrous crystals formed (fig. 1) from which
single-crystal diffraction patterns could be ob-
tained. The diffraction diagram shown in figure

2, which was obtained from 2 crystals slightly

twisted against each other, shows—apart from
the strong reflections {h and k even)—-likewise

weak ones {h and k odd) as they can be observed
in a similar, but not identical way when tober-

morite is produced hydrothermally [3]. The
crystal rests on the (001) surface. The long axis

of the lath-shaped crystal is the b axis corresponding
to the tobermorite structure [4].

Figure 1. Micrograph of the reaction product after 3 hr.

Magnification 10,000.
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Figure 2. Single-crystal diffraction pattern of the reaction

prodiict after 3 hr.

Crystal lying on (001), 6-axis vertical.

After 4 hr (fig. 3) a characteristic disorder

phenomenon sets in, in the reaction product,

which al ter 3 hr could be observed at best as traces.

In the crystal which has the same orientation as in

figure 2 the odd zones have become distorted to

form continuous fines running paraUel to the a
axis; fikewise the strong reflections of the even
zones show elongations. The crystals show the

same disorder arrangement after a reaction time
of 5 hr. Figure 4 shows the diffraction pattern

of a crystal lying on (100). Here the odd zones

running parallel to the c axis consist of continuous
lines.

Since the resolving power of the electron

microscope reaches down to the order of the basal

spacing, it was attempted to make a direct

micrograph of the same crystal, the difi'raction

pattern of which is shown in figure 4, by the

strongest magnification possible. In figure 5 is a

closeup into the crystal running parallel to the a

axis, and the alternating light and dark streaks

show clearly the various horizontal layers. The
periodicity of the basal spacing in the c direction

obtained by direct observation is in good agree-

ment with the 11.3 A measured by electron

diffraction.

Figure 4. Single-crystal diffraction pattern of the reaction

product after 6 hr.

Crystal lying on (100), 6-axis vertical.

622829 0-62-14

Figure 5. Electron micrograph of the same crystal as shown
in figure 4-

Crystal lying on (100), 6-axis horizontal. Magnification 880,000.
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Discussion of Results

At first we considered tlie reaction product
formed after 4 and 5 hr to be tobermorite of the

"anomalous" Loch Eynort type [3], for two
reasons: the single-crystal diffraction patterns

show the disorder phenomena characteristic for

this type, and almost all specimens have the same
inalterable basal spacing of 11.3 A. In two cases

only a shrinkage of the layer distance down to

9.5 A occurred, as is to be expected in case of a

"normal" tobermorite due to dehydration under
electron bombardment [3, 5].

Dr. Gard [6], however, drew our attention to the

fact that the strong reflections of the diffraction

diagram (fig. 4) do not follow the extinction rules

of tobermorite, but those of foshagite. Dr. Gard
assumed that the phase should be foshagite.

For other reasons even the formation of foshagite

is not plausible: The layer distance of foshagite is

not 11.3 A as observed here, but 14 A, and the

area of foshagite ranges only beyond 300 °C [2, 7],

whilst the tests described here had been running
at 195 °C.

A new discussion with Dr. Taylor had the result

that the reaction product after 3 hr should be
normal tobermorite, which after a longer reaction

period changed to a new phase unknown to date.

This new phase should be closely related to tober-

morite; probably the two phases differ only in

the arrangement of the metasilicate chains.

The strength carrier in the sand-lime brick is

the tobermorite. Changing to the new well-

crystallized phase causes a decrease in the strength.
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Discussion

D. M. Roy and R. I. Harker

Introduction

In his review paper H. F. W. Taylor [1]^ has
emphasized the importance of equilibrium studies
at relatively high water-vapor pressures as back-

' Figures in brackets indicate the literature references at the end of this
paper.

ground information for understanding cement
hydration processes, and has described many of

the results which have been completed since the
last symposium.

It is now possible to present a tentative series

of diagrams describing the phase assemblages
which develop at successively higher temperatures
for all lime: silica ratios in this system. The
results of equilibrium studies at The Pennsyl-
vania State University (chiefly on that part of the
system with lime: silica molar ratios of 1.0 or
more) and at the Johns-Manville Research Center
(on compositions in which this ratio is less than
1.0) can be combined with each other and with
data in the literature to provide an overall picture
for the CaO-SiOa-HjO system. This can best be
done by presenting a series of triangular diagrams
which show the various assemblages as steps in a
dehydration series in a manner analogous to that
of Roy and Osborn [2] for the AlsOs-SiOj-HjO
system and to that of Bowen and Tuttle [3] for

the MgO-SiOs-HaO system. It would be impru-
dent to claim that all the assemblages shown
represent the ultimate equilibria, especially at the
lower temperatures. They do, however, represent
stages which are well beyond what are obviously
metastable equilibria and are of pratical signifi-

cance. There is some evidence that by increasing

the duration of runs, some of the earlier dehydra-
tion steps may be made to take place at slightly

lower temperatures, but the order in which they
take place is not changed substantially from that

given below. Above 400 °C most of the reactions

involving the more lime-rich phases can be made
to proceed in either direction.

Many of the assemblages are not appreciably
aflfected by moderate changes of pressure because
the P-T curves for the dehydration reactions are

more or less parallel to each other and, at the

higher pressures, to the pressm-e axis on a P-T
diagram. However, where there is evidence that

the low-pressure (i.e., saturated steam) assem-
blages are different from the high-pressure

assemblages at a given temperature, then the

low-pressure compatibility triangles are marked
in dotted lines. The effect of pressure on the

assemblages involving a calcium hydroxide-rich

liquid is not known but below 100 bars calcium
hydroxide dissociates instead of melting (Wyllie

and Tuttle [4]).

It must be emphasized that the triangular

diagrams do not attempt to she ^ every step in the

dehydration series but only those for which there

is experimental evidence. Where evidence for the

actual order of successive steps is lacking, they are all

introduced in one combined step in the series.

Up to the melting point of calcium hydroxide,

we are concerned only with the stability of solid

phases in equilibrium with extremely dilute fluids

(liquids or vapors). The solubility of lime in the

vapor phase at high temperatures is very low and,

although the solubility of silica is probafjly higher,

the diagrams would have to be greatly enlarged at

the H2O apex to show the true composition of the
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vapor. On the triangular diagrams, therefore, the

sohd phases all have lines running towards the

H2O apex (see Majumdar and R. Roy [5]),

indicating that essentially pure H2O is a coexisting

phase.
Where there is some uncertainty in the inter-

pretation of the experimental results or the natural

rocks, dashed lines have been used. In those
diagrams which show a calcium hydroxide-rich
liquid, the dashed lines indicate the approximate
phase boundaries as determined by preliminary
experiments.

Dehydration Steps

Up to temperatures somewhat below 100 °C,
CSH(I) and CSH (II) usually develop from re-

active starting materials. Therefore, the first

triangle shows CSH(I)-Si02 and CSH(II)-CH
joins. These CSH phases are poorly crystallized

and so far have defied precise definition in terms
of structure and composition. Doubts may be
cast on their true stability—hence, the dashed
lines in triangle lA. More hydrated phases are,

of course, known. These include okenite, nekoite,

(Taylor [1]) and plombierite (as defined by Mc-
Connell [6]) found in natural rocks, and Funk and
Thilo's [7] CaH4Si207, probably Assarsson's [8]

Z phase and CSH (II) with compositions extending
towards C2SH4 approximately (Heller and Taylor

[9]), produced in laboratories.

Triangle IB summarizes the assemblages, in-

cluding natural minerals, which are probably
closer to equilibrium at these very low temper-
atures than are the poorly-crystallized synthetic

phases (see Long and McConnell [10]).

In a narrow temperature range, 100 to 160 °C
approximately, CSH (I) gives way to better

crystallized tobermorites (C4S5H4 to C5S5H5),
gyrolite (C2S3H2) develops from C/S molar ratios

less than 0.8, and afwillite (C3S2H3) and hille-

brandite (C2SH) can be synthesized. At satu-

rated steam pressures in this range C3SH1.5 has
also been synthesized, but it may not be stable

until about 185 °C at higher pressures and,
therefore, is shown in triangle II with the dotted
tie lines. The formation of each phase involves
an individual reaction, but lack of evidence
prevents individual triangles from being drawn to

represent each one. At the upper limit of this

temperature range (160 °C), therefore, the
assemblages in triangle II are indicated.

Between 160 and 200 °C in saturated steam
(see dotted lines in triangle III), xonotlite -f H2O
appears to become more stable than tobermorite
CNagai [11], Foret [12], Flint, McMurdie, and
Wells [13], Heller and Taylor [14], Peppier [15]).

Peppler's runs of several months' duration indicate

that xonotlite and hUlebrandite are stable rather
than afwillite.-

Also, in this range, gyrolite becomes unstable in

the presence of excess silica, and, as a result,

reyerite (C3S5H1.5) tends to form (Harker [16]).

With a mineralizer (2 percent of NaF) quite well-

crystallized reyerite can be produced, but with

no mineralizer long runs (one month) produce
gyrolite-reyerite mixtures which are probably
metastable and which from their nonintegral

basal spacings appear to consist of randomly
mixed layers on a very small scale (Brown and
MacEwan [17]).

At elevated pressures (see continuous lines in tri-

angle III), gyrolite+ silica have persisted together

to about 210 °C in runs of similar duration;

therefore, the gyrolite-silica join remains at high
pressures in triangle III. At high pressures,

the stability of tobermorite is raised considerably
(Buckner, Roy, and Roy, [18]) so that a gyrolite-

xonotlite assemblage is stable at low pressures but
not at high pressures.

Between 200 and 250 °C several reactions take
place untU finally at about 250 °C, the assemblages
indicated in triangle IV are in equilibrium. The
assemblage gyrolite -|-silica, already not stable at

200 °C at saturated steam pressures, now reacts to

form reyerite+H20 at high pressures (above 15,000
psi) . Then gyrolite alone becomes unstable, break-
ing down to reyerite -[-xonotlite+H2O around 220
°C at saturated steam pressures and to reyerite

+scawtite (presumably reyerite -j- tobermorite if

CO2 could be kept out) a little above 230 °C at high
pressures, 15,000-40,000 psi (Harker [16]). Afwil-

lite breaks down to Roy's phase Z (C3S2H0-0 33) +
H2O at about 220 °C above 5,000 psi (Roy [19]),

but work at high temperatures and pressures of

30,000 psi or greater suggests that this phase Z may
be metastable—hence, the dashed lines emanating
from Z in triangle IV and subsequent triangles.

The P-T curve for the breakdown of afwillite and
that for the breakdown of gyrolite woidd be very
close to each other on a P-T diagram and at

present cannot be shown separately.

Triangle V represents conditions at about 300
°C. Above 290 °C high pressure faUs to preserve

the stability of tobermorite and tobermorite gives

way to xonotlite (-|-reyerite) at all pressures at

least up to 30,000 psi. Little work has been done
on the lower limits of stability of foshagite

(C4S3H)+H20, but that of Flint, McMurdie,
and Wells [13] in saturated steam indicates that

with rising temperature the formation of foshagite

follows that of xonotlite, and that at low pressures

it comes in definitely below 300 °C. If the P-T
curve for its formation has a normal positive

slope, as one might expect from a consideration

of the volume relations, then it should form at

lower pressures (dotted lines) before it would at

higher pressures with rising temperature. High-
pressure runs are needed to verify this conclusion.

Triangle VI represents the appearance of

foshagite at high pressure at some temperature
between 300 and 350 °C. One of the major
equilibrium problems among well-crA'stallized

phases in this system is that concerning the

relative stabilities of foshagite and Roy's Z-phase.

If Z is truly stable then its formation at tem-
peratures lower than those covered by the

hillebrandite-xonotlite and the hillebrandite-

foshagite assemblages is difficult to explain.
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The next step occurs when CaSHi j breaks down
at 520 °C (at 15,000 psi), and the calcio-chondro-

dite-calcium hydroxide join is estabUshed, see

Roy [19]. Triangle X represents the equiUbrium

assemblages between 525 and 630 °C.

At about 635 °C (and 15,000 psi) foshagite

breaks down to woUastonite+Z+HzO, but at

higher pressures the product is Y+wollastonite+
H2O (Roy, unpublished data), suggesting raetasta-

bility of the Z-H2O join which is shown as a

dashed line in triangle XI as in all others con-

taining Z. The temperature is based on data

obtained using three different starting materials:

the natural mineral from Crestmore, synthetic

foshagite having a 4:3 CaO:Si02 ratio, and a gel

having the same ratio.

Reactions in the Presence of Liquid and
Further Dehydration Steps

Curves for decomposition of the following phases

at successively higher temperatures were given by
Roy [19]: Y-phase^a'-CzS+HjO; Z-phase^ran-
kinite; and X-phase (calcio-chondrodite, C5S2H,

or CaC)^a'C2S+CaO+H20, and these data

form part of the bases of the next four triangles.

However, after Wyllie and Tuttle [4] described

the phenomenon of melting of Ca(0H)2 under
elevated H2O pressures it became apparent that

the field of Ca(0H)2 liquid must enter the ternary

system, at least above 815 °C (the eutectic for the

system Ca(OH)2-H20 at 15,000 psi), and additional

information was necessary to more completely
describe the equilibria. Preliminary data have
therefore been obtained by the authors to investi-

gate the probable extent of the liquid field in the

ternary system at 800, 900 and 950 °C and the

equilibria among the crystalline phases at these

temperatures at 15,000 psi.

The next four triangles represent an attempt to

present the data in a reasonable manner, although
the data are by no means complete, as indicated

by the dashed lines. Triangle XII shows the pro-

posed stability relations at 800 °C and 15,000 psi,

where both Z-phase and Y-phase persist in the

presence of H2O vapor, and Y-phase+ calcio-chon-

drodite (CaC)+H20 are stable together. A small

field of Ca(0H)2+ liquid exists, and the liquid

field extends into the ternary system, but not as

far as the CaC-HjO join." A fairly large field

where CaC is the primary phase in equilibrium
with liquid is found at this temperature.

Roy's [19] Y-phase (CeSsH) comes in below
350 °C at the expense of hillebrandite. Unlike
foshagite (which may occur in nature intimately
intergrown with hillebrandite, e.g., see Taylor
[20]) , the Y-phase cannot occur in equilibrium with
hillebrandite +H2O except along a univariant P-T
curve. Its formation therefore probably represents
a more advanced stage in the dehydration series

than the development of foshagite. Phase X of
Roy [19] or calcio-chondrodite (C5S2H or "CaC")
becomes stable in this temperature region and can
be in equilibrium with Y or CsSHi .5 depending on

the exact C/S ratio. Since it has never been posi-
tively identified as coexisting with hillebrandite
and the individual steps involving the incoming of

Y and of CaC have not yet been differentiated they
are shown as coming in together in triangle VII.
At 335 °C reyerite breaks down to xonotlite+

silica+H2O (Harker [16]). As might be expected
from a consideration of AF for the reaction, the
P-T curve is nearly parallel to the pressure axis on
a P-T diagram. Triangle VIII therefore repre-
sents the equilibrium assemblages after the break-
down of reyerite but before the breakdown of
xonotlite.

It is convenient from now on to consider the
various successive steps isobarically with rising

temperature, as the saturated steam curve has no
meaning above the critical point of water. The
following triangles therefore apply at approxi-
mately 15,000 psi.

At 415 °C (and 15,000 psi) xonotlite decomposes
to wollastonite+H20 and dehydration in the silica-

rich half of the system is complete. Triangle IX
shows the equilibrium assemblages between 420 °C
and 515 °C with foshagite now coexisting with
woUastonite.

It is noteworthy that the occurrence of woi-
lastonite with hillebrandite has been reported (at

Velardena, Mexico, Wright [21]), whereas experi-
mental work indicates that in the CaO-Si02-H20
system woUastonite+hLllebrandite+H20 should
not be in equilibrium, and no woUastonite-
hillebrandite-H20 compatibility triangle is seen
in this series. The experimental anc( natural
observations, however, may not really be in conflict

for the following reasons: (1) It has been recently
shown that natural hillebrandite and foshagite are
frequently intergrown and diffi.cult to identify
separately, and that at least part of the Velar-
dena "hillebrandite" is really foshagite (Heller

and Taylor [9]). (2) At Velardena the woUasto-
nite occurs in veins cutting the "hiUebrandite" and
thus may not be in equilibrium with the hydrated
mineral.

Between the temperatures of triangle XII (800°)

and XIII (840 °C) three changes take place in

the following order : (1) At 815 °C Y-phase decom-
poses to a'CpS+HaO and a'C2S+CaC+ Vapor are

probably stable together for a narrow temperature
interval. (2) At 820 °C Z-phase converts to ran-
kinite. As discussed before, Z-phase may not be
truly stable, in which case woUastonite+ Y'-phase

could be stable together above the decomposition
of foshagite as shown in triangle XI, and rankinite

would form at 815 °C above the decomposition
of Y-phase. (3) Finally, at 835 °C Ca(0H)2 is

entirely melted, and the equilibria at 840 °C are

probably as shown in triangle XIII.
Triangle XIV shows the proposed equilibria at

900 °C, where C2S exists as a primary phase in

equilibrium with liquid, the field becoming larger

with increasing temperature largely at the expense
of the CaC+L field. At 950 °C the C2S primary
phase field is even larger (triangle XV) and the

CaC+L field is smaller, suggesting that CaC
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melts incongruentl3^ It should be reemphasized
that the dashed lines in the past four triangles

indicate that the relations described are of a higlily

tentative nature except for the high-silica portions.

The temperatui'e of final melting of calcio-

chondrodite has not been determined
;
however,

it should be complete by 1,100 °C, and the final

triangle XVI is a purely hypothetical represen-

tation of suggested equilibrium relations after the

last hydrous phase is absent. In the event that

CaC melts congruently, this diagram would be
slightly modified with the liquid area more closely

approaching C2S.

The writers express their appreciation to Dr.
0. F. Tuttle for his aid in determining the liquidus

relations involving Ca(OII)?, and to Dr. R. Koy
for help with the manuscript. Part of the work
was supported by the National Science Foundation
Grant G-4648 at the The Pennsylvania State
University. The authors are furthermore indebted
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Discussion

G. C. A. Schuit and R. Wyatt

The essential point in the hydration of the
calcium silicates seems to be the hydrolytic fission

of the Ca—-O—Si bond, hence

H2O+—Ca—O—Si —Ca—OH+HO—Si—

(1)

or alternatively

H20+Ca2+(Si04)*- 'Ca(OH)++ (HOSi03)3-.

(2)

If this would continue to the ultimate end we
would obtain the formal reaction

CaaCSiOJ +4H2O '2Ca(OH)2+Si(OH)4

Si(0H)4 Si02+2H20. (3)

There is a great similarity in structure between
the orthosilicates and h3rdroxides, thus suggesting
that the two structures are largely or completely
intermiscible. This is e.xplicitly stated by Wells

[1] for the Mg2Si04-Mg(OH)2 case where" a con-
tinuous series of minerals (Nig2Si04)„,-(Mg(OH)2)„
(the chondrodite series) exists.

It may therefore be predicted that the hydra-
tion product is somewhere in between the ortho-

silicate and a mixture of SiOo and Ca(0H)2.
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Starting from the other side, e.g., from a re-

action of Ca(0H)2, H2O, and Si02 we obtain, as

shown by Brunauer et al., a product that resembles
tobermorite and that possesses a structure very
similar to the layer structure of montmorillonite.
This reminds us of some older work by Feitknecht
and Berger [2] and Stress and Hofmann [3] for

the Mg-compounds and by Van Eyk van Voor-
thuijsen and Franzen [4] for the Ni-compounds.
The evidence shows that there can be formed
kaolinite- (or antigorite-) type and montmorillonite-

type compounds even at relatively low tempera-
tures. The two types differ fundamentally in the

fact that in the kaolinites we find the tetrahedral

silica layer only on one side of the octahedral
metal hydroxide layer whUe it is present on both
sides in the montmorillonite-type clays

(0H)3

(0H)3

OHCSizOs) (OH)Si206

(0H)3 (OH)Si205

hydroxide antigorite montmorillonite

One might visualize the formation of these layer
structures as occurring in two steps

111 ^1 I

-Si—O—Si—O—Si—|-4Hj0 »H0—Si—OH+4—Si—OHIII II
0 o

1
H

—SI—

HO—Me—0H+Si(0H)4 HO—Me—O—Si(0H)j+H20 (4)

The structure thus formed is a precursor of the
ideal hydrosilicates (kaolinite, montmorillonite).
It can, under favorable circumstances be converted
into them by the two-dimensional interpoly-

merization of Si(0H)3 groups

-SI—OH+HO—Si-

I I

I I

-Si—O—Si—l-HjO (5)

Four remarks have to be added in this connec-
tion.

a. Reaction (4) is to be considered a formal
representation ; in reality it will be more plausible
to state it as

Ca(0H)2 Ca«+(OH)-+OH-

I I—Si—OH+OH- Si—O-+H2O
I I

Ca2+(0H)-H—Si—O >—Si—O—Ca—OH
I I

b. Close packing of of 0H~ puts a limit to
the number of or 0H~ ions in the tetrahedral
Si-layers. Hence the stoichiometry relations will

be premontmorillonite structure, Me3(OH)4
(SiO*(OH)3)2; montmorillonite structure,

Me3(OH)2(Si20203)2; in which the asterisk marks

the O ions in the octahedral layer, the others
being the oxygens at the outerside of the tetra-

hedral layer.

c. Reaction (4) will probably occiu- in a random
manner, i.e., the Si(0H)3 groups will occur on
both sides of the octahedral layer deriving from
the hydroxide layer, thus simulating a montmoril-
lonite layer.

d. The protons of the "acid" OH groups con-
nected to the Si will be changed by the Ca^"*" ions
because the protons react with the "basic" OH
groups on the metal cation. The Ca^"^ and H2O
then becomes located between the sandwich layers
of the hydrosilicate structure as stated in various
papers in this Symposium (Brunauer and Green-
berg; Kurczyk and Schwiete). This should occur
in such manner that the Ca^+ ion should remain in

six-coordination with O^". In a faulty layer
structure this would involve mcorporation of

H2O, the water molecules fitting then in the
vacancies of the outer 0^~ and 0H~ layers.

Our final conclusion is therefore that the hydra-
tion of /3-Ca2Si04 and the reaction of Ca(0H)2 and
silica gel would lead to the same products. These
products possess a layer structure that is derived
from Ca(0H)2 and Si(0H)3 groups or two-
dimensional SiO layers (81205) on both sides of the
octahedral layer. The tetrahedral Si-0 layers

are random structiu-es. If enough Ca(0H)2 is

present, parts of the structure will be piu"e

Ca(0H)2; on other parts we have SiO layers,

isolated Si(0H)3 groups, or structures in between.
The outer OH groups, pertaining to the Si-layer,

have partially replaced their protons with Ca^+
which involves an incorporation of H2O in the
structure.
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Closure

H. F. W. Taylor

I believe that Dr. Roy and Dr. Harker have
made a valuable contribution in showing that

much of our present knowledge of equilibria in

the C-S-H system can be represented on com-
patibility triangles. There are no significant

points of data or of interpretation in their contri-

bution with which I disagree. The triangles at

800 °C. and above are especially valuable, as they
summarize the first results of a new line of study,

which is clearly going to provide a link between
the existing studies on the hydrated and anhydrous
systems.
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Dr. Assarsson has put forward a most interesting

view of the initial stages of the hydrothermal
reactions between Ume and sihceous materials.

His suggestion that ions such as H3Si04~ and
H2Si04'^~ are initially formed, to relative extents

that depend on the supply of calcium and sUicate

ions, appears reasonable enough ; one might expect
H3Si04"" ions to condense extensively giving the

probably lameUar anions in Z-phase, H2Si04''"

somewhat less extensively to give the chains
characteristic of the tobermorite group, and Si04*~

(or HSi04^"?) not at all, to give C2S a-hydrate.
There is, however, a certain conflict of opinion,

and perhaps also of evidence, as to what are the

first detectable solid products. Most investi-

gators have assigned this role to a poorly
crystallized, lime-rich tobermorite mineral of the

CSH(II) variety, which subsequently reacts with
more silica if this is available. Dr. Assarsson's

suggestion that this stage can be bypassed if

enough silicate ions are available ought to stimulate

much new research on a difficult experimental
problem.
Some minor points of Dr. Assarsson's contri-

bution demand comment. Gyrolite, xonotlite,

and hillebrandite are not the only ternary phases
stable in contact with saturated steam at 150 to

250 °C; reyerite and tricalcium silicate hydrate
should be added. Contrary to his statement,
afwillite, foshagite, and reyerite (or truscottite)

have all been sjrnthesized. Dr. Assarsson dis-

agrees with my view that his "Z-phase" and the
"CaH4Si207" of Funk and Thilo are identical.

Of course, one cannot be certain, but the X-ray
data which he quotes impress me more as regards
similarities than differences. This is the more true

if one takes into account our observation that

the specimen prepared by Funk and Thilo gives

a spacing of about 15A, as well as those originally

reported by them. Neither the unit-cell data
given by Dr. Assarsson, nor those proposed by
Funk and Thilo, can be considered significant,

as in both cases they were derived merely by
attempting to index the powder data. With such
complicated and poorly crystallized structures,

the chance of obtaining in this way a unit cell

that is even simply related to the true one must
be very small. Single-crysl^al data, or failing that,

help from analogy with a substance of known
unit cell, are essentia). The similarities between
the patterns for Z-phase and that of gjTolite are

such as to suggest that the two compounds have
closely related layer structures. If this is so,

Z-phase is hexagonal or pseudohexagonal, with
approximate parameters a=9.73, c=15.lA.

I think that I agree with some of the concepts
expressed by Drs. Schuit and Wyatt. The
tobermorite structure is indeed derived very
broadly from that of Ca(0H)2, the most important
difference being the substitution of silicate ions

for hydroxyl on both sides of the elementary

layer. When a tobermorite mineral is precipi-

tated from aqueous solution, there is presumably
a competition between silicate and hydroxyl ions
for places in the surfaces of these layers. Under
not too basic conditions above 100 °C, the silicate

ions eventually win (probably through a compli-
cated mechanism involving several intermediate
stages), and 11.3-A tobermorite is formed. Under
more basic conditions, the competition is more
nearly equal, and both hydroxyl and silicate ions
may be expected to find places in the layer.

"WTien this happens under conditions favoring
crystallization, as in suspensions treated hydro-
thermally, CSH(II) is formed; I believe this may
have a relatively well-ordered, halloysite-like

structure in which one side of the layer contains
only silicate ions and the other hydroxyl. Under
conditions not favoring crystallization, as in

normally cured cement pastes, the product
resembles CSH(II) in composition, but is consider-
ably less ordered. It seems possible that, in this

case, both silicate and hydroxyl ions are attached
in a largely random manner to both sides of the
layer. This would explain the observed very low
degree of crystallinity.

The contribution of Drs. Grothe, Schimmel, and
zur Strassen is of exceptional interest. It is

becoming increasingly clear that there is more
than one form of 11-A tobermorite, and that in

some cases at least, these forms are difficult or
impossible to distinguish by X-ray powder meth-
ods. Because of the differences in morphology,
it is possible that they make very different contri-

butions to the strength and other mechanical
properties of autoclaved cement products. Fur-
ther study of them is therefore of practical as well

as theoretical importance.
My colleague. Dr. J. A. Gard, has pointed out

that the lath-like tobermorite obtained by Drs.
Grothe, Schimmel, and zur Strassen after 4 or

5 hours' autoclaving (their figs. 3, 4, and 5) is

apparently not quite the same as the Loch Eynort
mineral. In the latter, the (100) face of the
reciprocal pseudoceU (obtained by ignoring the
streaky layer lines with k odd) is centered, whereas
in the synthetic material (fig. 4) it is primitive.

Assuming figures 3 and 4 relate to the same phase,

the latter would appear to be a tobermorite in

which the pseudoceU is C-centered with c=11.3A,
and not, as in the Loch Eynort and all other

known 11.3-A tobermorites, body-centered with

c=22.6A. Such a pseudoceU would correspond

to a different kind of packing between each

11.3-A layer and its neighbors, and there is no

obvious structural reason to suppose that this is

impossible. Since the pseudoceU is different, this

variety of 11.3-A tobermorite would probably be
distinguishable by X-ray powder methods. Fur-

ther study of this material would be of the

greatest interest.
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Hydration of Calcium Aluminates and Ferrites

F. E. Jones

Synopsis

Some of the literature of cement hydration bearing on the development of

hydrated calcium aluminates and ferrites is reviewed, with some reference

to the more complex sulfo- and chloroaluminates and ferrites which may be

formed in the presence of calcium sulfate added as retarder, or calcium

chloride added to hasten development of strength in a concrete.

Discussion is first based broadly, not on individual hydrated compounds,

but on three basic crystal lattices which play a dominant role in cement

hydration, and on various solid solutions based on these structures. The

place of individual compounds or possible compounds in these structures is

discussed in the light of available information, and conclusions are drawn as

to compounds or solid solutions which can be formed.

Only the two ternary systems CaO-AbOs-HjO and CaO-Fe203-H20 are

discussed in detail. The more recent literature on the former system is con-

sidered fairly exhaustively, more particularly in the light of a recent study by

Jones and Roberts. The latter system has received much less study and is

experimentally much more difficult using normal "phase-rule" techniques,

owing to the very slight solubility of the relevant iron compounds. Forma-

tion of hydrated ferrites by the action of solutions on anhydrous compounds
"in situ" is much more important than in the corresponding CaO-Al203-H20
system. Recognition of this, and indirect approach based on analogy yields,

however, a useful picture of the realities and possibilities of hydrated iron

compound and solid solution formation in the cement-water system.

A simplified picture of hydrated calcium aluminates or ferrites and solid

solutions, including reactions with sulfate or chloride, is presented. On
present evidence, aluminates appear to be restricted within the range 22 to

100 °C to CiA-19H20 and C2A-8H20 both metastable, however, with respect

to C3A-6H20. Below 22 °C, C2A-8H20 is replaced by CA-lOHjO. Above
about 100 °C only stable C3A-6H20 and possibly a high-temperature

C2A-3H20 hydrate is formed up to about 215 °C, and above 215 °C,

C4A3-3H20. Corresponding hydrated ferrites are limited to metastable

CiF-aq. and C3F-6H20, the latter requiring some Si or Al or both in the

structure to stabilize it. Solid solutions and compounds or solid solutions

with sulfate or chloride are also discussed.

Resume

L'exposfe passe en revue une partie de la litt^rature de I'hydration du ciment

en cequi concerne le developpement de ferrites et d'aluminates de calcium

hydrates. Reference est fait aux sulfo- et chloro-aluminates et ferrites plus

complexes qui peuvent se former en presence de sulfate de calcium ajoute

en quality de retardateur, ou de chlorure de calcium ajoute pour hater le

dgveloppement de la rSsistance d'un bSton.

La discussion est d'abord largement basee non pas sur las composes indivi-

duels hydrates, mais sur trois rgseaux fondamentaux qui jouent un role

preponderant dans I'hydratation du ciment, et sur differentes solutions

solides basfies sur ces structures. La position des composes individuels ou

des composes possibles dans ces structures est examinSe a partir des informa-

tions disponibles, et des conclusions sont tirees quant aux composes ou aux

solutions solides qui peuvent 6tre formes.

On discute en detail seulement sur les deux systemes ternaires CaO-AhOs-
H2O et CaO-Fe203-H20. La litterature la plus recente qui traite du premier

de ces systemes est etudiee a fond, tout particulierement k I'aide d'une etude

recente de Jones et Roberts. On a etudie tant moins le second systeme. A
cause de la solubilite tres faible des composes du fer pertinents, I'experimenta-

tion de ce systeme-ci en utilisant les techniques normales du regie des phases

se trouve beaucoup plus difficile. La formation de ferrites hydrates par

I'action de solutions sur les composes anhydres "in situ" est beaucoup plus

importante que dans le systeme correspondant CaO-AhO 3-H2O. La recon-

naissance de ce fait et une approche indirecte basee sur I'analogie presentent

cependant un tableau utile des realites et des possibilities de la formation de

composes hydrates ferriques et d'une solution solide dans le systeme ciment-

eau.

Un tableau simplifie des ferrites ou aluminates de calcium hydrates et des

solutions solides est presente, comprenant les reactions avec sulfate ou

chlorure. D'apres I'evidence actuelle, les aluminates, entre 22 et 100 °C,

semblent limites a CiA-IQHjO et C2A-8H20, tous deux metastables cependant

quant a C4A-6H20. Au-dessous de 22 °C, C2A-8H20 est remplace par CA-
IOH2O. Audessus de 100 °C environ et jusqu'a une temperature d'environ

215 °C, seulement C3A-6H20 stable (et peut-Stre un hydrate C2A-3H20 de

haute temperature) est forme, et au-dessus de 215 °C, CiA3-3H20. Les ferrites

hydrates correspondants sont limites au metastable C^F-aq. et au C3F-6H20.

La stabilisation de la structure de ce dernier exige du Si ou de 1'Al ou des deux.

Les solutions solides et les composes ou les solutions solides avec sulfate ou

chlorure sont egalement discutes.

Zusammenfassung

Ein Teil der Literatur der Zementhydratation, der sich mit der Entwick-

lung des hydratisierten Kalziumaluminates und -Ferrites befaBt, wird be-

sprochen, und die mehr komplizierten Sulfo- und Chloroaluminate und
Ferrite, welche in Gegenwart des Kalziumsulfates, wenn dieses als Ver-

zogerer benutzt wird, gebildet werden, oder wenn diese Produkte entstehen,

wenn Kalziumchlorid einem Zement beigemischt wird, um seine Festigkeit

zu erhohen, werden kurz erwiihnt.

Die Diskussion ist auf einer breiten Orundlage gehalten, daher werden

zuerst nicht einzelne hydratisierte Verbindungen, sondern die drei Qrund-

kristallgitter besprochen, die die vorherrschende Rolle in der Zementhydra-

tation spielen, und die verschiedenen festen Losungen, die von diesen Struk-

turen zusammengesetzt werden, werden erortert. Die Rolle der einzelnen

Verbindungen oder der Verbindungen, die moglicherweise vorhanden sein

konnten, wird unter Bezugnahme auf alle Kenntnisse, die man heutzutage

davon hat, besprochen, und Schliisse werden gezogen, welche Verbindungen

Oder feste Losungen iiberhaupt geformt werden konnten.

Nur die beiden ternaren Systeme CaO-Al203-H20 und Ca0-Fe203-H20
werden ausfiihrlicher besprochen. Die neuere Literatur, die sich mit dem
ersten System befaCt, wird in alien Einzelheiten erortert, und groBe Auf-

merksamkeit wird den neuesten XJntersuchungen von Jones und Roberts

geschenkt. Dem anderen System ist in der Literatur weniger Beachtung
geschenkt worden, die Experimente hier, wenn man normale Phasenregel-

techniken benutzen will, sind viel schwieriger, weil die Eisenverbindungen,

mit denen man arbeiten muB, nur wenig loslich sind. Die Bildung der

hydratisierten Ferrite als Folge der Wirkung der Losungen auf wasserfreie

Verbindungen in situ ist hier von groBerer Wichtigkeit als in dem entsprech-

enden CaO-Al203-H20 System. Wenn man sich dessen bewuBt ist und
die Fragen mit Analogie-schliissen zu losen versucht, kann man sich doch

ein gutes Bild davon machen, was in Wirklichkeit vorgeht, und wenn es

moglich ist, daB hydratisierte Eisenverbindungen und feste Losungen in

einem Zement-Wasser-System geformt werden.

Eine vereinfachte Idee betrefTs hydratisiertem Kalziumaluminat oder

- Ferrit und fester Losungen, welche die Reaktionen mit Sulfate oder Chloride

umfaBt, wird angegeben. Auf Grundlage der jiingsten Forschungen kann

man sagen, daB nur zwei Aluminate zwischen 22 und 100 °C vorkommen
konnen, nSmlich C4A. 19H2O und C2A-8H20, die jedoch beide nur metastabil

sind und in C3A-6H20 iibergehen wollen. Unterhalb 22 °C wird C2A-8H20

durch CA-10H2O ersetzt. Oberhalb ungefahr 100 °C ist nur C3A-6H20

stabil, und es ist moglich, daB ein Hochtemperaturbydrat C2A-3H20 bis zu

ungefahr 215 °C gebildet wird; oberhalb 215 °C bildet sich dann C4A3-3HjO.

Die entsprechenden hydratisierten Ferrite sind durch das metastabile

C4F-aq. und das C3F-6H20 vertreten, und die letztgenannte Verbindung

benotigt ein wenig Si oder Al oder beide, um ihre Struktur zu stabilisieren.

Feste Losungen, Verbindungen oder feste Losungen mit Sulfate oder Chloride

werden auch besprochen.
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Paper III-3. Hydration of Calcium Aluminates and Ferrites*

F. E. Jones

Introduction

The purpose of the present paper is to review
the knowledge of cement hydration with reference

to the hydrated calcium aluminates and calcium
ferrites which may now be taken as reasonably
established, or on which research is still needed,
and of certain of the more complex sulfo- and
chloro-aluminates and ferrites which also play
an important part.

Perhaps as useful a starting point as any is

contained in two papers published in the Pro-
ceedings of the Second Symposium on the Chem-
istry of Cements held at Stockholm in 1938,
one by Bessey [1]' on the calcium aluminate and
silicate hydrates, only the first part of which
now concerns us, and the other by the present
author [2] on the calcium aluminate complex salts.

A selected list of references up to that time is

given at the end of these two papers.
The most important methods which have

been used in the determination of and study of
these compounds include phase-rule studies of

various systems, and attempts to elucidate the

crystal structure of various compounds and "solid

solutions." The term "solid solution" is retained

in this paper as a convenient one. It covers the

possibilities of mutual replacement of various

atoms or groups of atoms or ions such as Al or

Fe, Si, CI, or SO4 within relevant crystal lattices

under defined conditions of temperature and
environment which modify the relative stability

of different possible lattice structures.

Structural Considerations

It seems essential to a discussion of hydrated
calcium aluminates and ferrites to base this on
their context in relation to the wider concept of

structiu-al possibilities in the cement-water system.
Apart from the structxu-e of calcium silicate

hydrates, there appear to be at least three basic

crystal lattice structures in hydrated cement
compounds or solid solutions. These structures

are:

(1) A "hexagonal" lattice typified by such
compounds as C3A CaCOH)2 aq., C3A-CaCl2-aq.,
C3A-CaS04-aq., etc., and including also hexagonal
or pseudo-hexagonal structures of compounds,
CzA-SHjO, CA-lOHaO and C2AS-8(?)H20.

(2) A "hexagonal" lattice typified by such
compounds as C3A-3Ca(OH)2-aq., C3A-3CaCl2-aq.,
C3A-3CaS04-aq., etc.

(3) A cubic lattice typified by CsA-GHaO.
It is well known that structure (1) is generally

found (when sufficiently well-formed crystals are

produced) as very thin hexagonal-shaped plates,

which give a silken sheen in suspension in the
mother-liquor, (2) as needles, often long and thin,

of hexagonal cross section, and (3) as cubic
crystals or various modifications based on a cubic

lattice.

One point of interest in connection with struc-

ture is the difference in habit, as typically plates

or needles, in structures (1) and (2) respectively.

It may be noted too that Budnikov and Gorshkov
[3] have recently demonstrated the splitting of

•Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the Building Research Station,
Department of Scientific and Industrial Research, Watford, England.
(Owing to the untimely death of the author in 1960, this paper was pre-

sented at the Symposium by M. H. Roberts.)

' Figures In brackets indicate the literature references at the end of this

paper.

needles of C3A-3CaS04-aq. (and C3F-3CaS04-aq.)
of structure (2) by passing through freezing cycles
(-17 °C to +20 °C). It was found that the
needles split along planes of cleavage parallel to

the long (c) axis, giving smaller needles. The
writer has long since observed a tendency for

longitudinal splitting to occur on heating the
high-sulfate calcium sulfoaluminate needles to

110 °C. There is this difference however. On
heating, there is a loss of water (32H20-^8H20, at

110 °C) with a consequent rise in refractive

indices, whereas on freezing, water is retained,

and there is no change in the properties of the
solid phase.
Another paper of some interest, dealing with

the crystalline habits of calcium aluminate
hydrates is that of Sersale [4], summarizing to

a large degree two earher papers [5, 6]. This
author has recently carried out experiments on
the change of the metastable hexagonal calcium
aluminate hydrates (structure (1)) to C3A-6H20
under the influence of various factors, including
temperature, CaO/Al203 ratio in mother-liquor,
pH, etc. Tests were carried out at 20°, 50°, and
80 °C. Confirming Koyanagi's results, it was
foxmd that hexagonal plates converted first into

icositetrahedra, then into rhombododecahedra,
and finally into cubes. As is well known, it was
foimd that the rate of change increases wdth
temperature. From the initial mixes of meta-
stable lime and alumina solutions mixed with lime
solution, it appears in the light of recent work by
Jones and Roberts [7], that Sersale's initially

precipitated phases were either C4A-19H20 or this

compound together with its sohd solution with
ai-C2A-8H20 (see later). It would seem, there-

fore, that the development of structure (3) from

205



structure (1), leading to the variety of habits

indicated, may perhaps provide useful supporting
evidence for the precise structure of C4A-19H20
(C A.Ca(OH)2-18H20).
Within the above structures, it is possible to

replace the aluminum cation by iron, in greater

or less degree, giving an increase in the size of the

lattice owing to the spatial demands of the larger

iron cation. In the cubic lattice it is also possible

to replace 2H2O by SiOs (i.e., 4H+ by Si^+),

resulting in a shrinkage of the lattice as the

replacement proceeds completely to a compound
C3AS3. In both hexagonal lattices (1) and (2)

it is also possible to substitute various equivalent
anionic groupings [2].

Thus, depending on considerations of stability

and of elements involved, it may or may not be
possible to produce compositions based on these

three lattices which are sufficiently near end
members of the possible solid-solution series to

be termed compounds.
It is important however to realize that although

solid solutions are formed, it does not follow that

there is necessarily complete replacement of one
ion by another throughout a theoretically con-
ceivable range from one "compound" to another;

e.g., it does not appear possible stably to replace

Al by Fe completely in CsA-GHaO, and a pure
CaF-BHaO seems to be formed only exceptionally,

as an unstable phase. Fundamentally, this re-

placement appears to be governed only by the
size of the Fe ion. Thus it appears that room
can be made for a 100 percent replacement of Al
by Fe, by at the same time replacing 4H by Si to

a limited extent, since less room is required by Si

than 4H, and so space is made available for more Fe.

There are several possibilities for solid-solution

formation. Thus in structures (1) and (2), the
replacement of AP+ by Fe^+ and of 2 0H~ by
2C1~ or S04~ (with any consequential change in

H2O) implies the possibility of a variety of

solid-solution structures involving any or all of

these ions, so that solid solutions of varying
degrees of complexity are possible. In structure

(3), where it appears that such ions as CI" or

SOl~ do not enter, solid solution is correspondingly
limited. However, the entry of silica into struc-

ture (3) as a replacement for some of the H2O
introduces a further complication, while silica

may also enter into structures (1) and (2).

Solid solution of the kind shown between
C3A-Ca(OH)rl8 H^O and C2A.8H20 [7] is another
variant.

Finally, the possibilities for different hydrates
of the same compound may be noted. An
example of this occurs in the hydrates of the
tetracalcium aluminate, only one of which exists

in the aqueous system CaO-AlsOs-HjO. It may
be noted that Turriziani and Schippa [8] (1954-55)
consider that there are three hj^drates of

C3A-CaS04-aq. since, depending on the drying
conditions, they obtained compounds which, after

X-ray powder-pattern examination, they char-
acterized by the basal spacings as:

(moist solid); basal spacings c?= 10.39, 5.15 A.
ai (dried at 94 percent R.H.); basal spacings

d=9.50, 4.79 A (13-14 H^O).
a (dried at 55 percent R.H.); basal spacings

d=8.99, 4.48 A (11-12 H^O).
Schippa [9] (1958) has also concluded that there
are two hydrated monosulfoferrites:
Moist solid; basal spacings (i= 10.45, 5.15 A
Dried at 55 percent R.H. and also over CaCL &
KOH; basal spacings d=9, 4.45 A.

It appears to be too early as yet to assess the
significance of these alleged different hydrates of
monosulfoaluminate and ferrite.

Reference should be made to table 1 for some
X-ray data on compounds relevant to the lattice
structures now discussed.

Table 1. X-ray data on sojne relevant compounds

CA-lOHzO = C2AS-8?H20b C3A-3CaS0i-32H20 " C3F-3CaSOi-32H20 <i

d{A) / d(A) / d(A) / d{A) I

14.

3

10 12. 7 VS 9 g Q Qy. 0 10
7 16 10 6. 30 g 5 7 Q0 8. 9 2
5. 39 4 4. 20 VS 4 9 5. 6 7
4. 75 4 3. 22 vw 4 67 7

/ 5.

0

3
i. 52 3 2. 89 M i. 34 2 4. 81 4

4. 16 3 2. 62 M 3 87 Q
4. 06 1

3! 93 1 2. 51 M 3. 60 3 3. 95 8
3. 72 5 2. 41 W 3. 45 6 3. 65 4
3. 66 7 2. 38 MW 3.26 4 3.49 4
3. 26 6 2. 09 MW 3.02 3 3.24 3

3. 10 5 1.90 M 2. 79 9 3. 07 2
2. 88 6 1.83 M 2. 67 3 2.80 7
2.69 5 1.66 MW 2. 57 8 2.60 7
2. 55 7 1. 55 W 2. 43 3 2. 50 1

2.47 5 1.43 w 2. 36 1 2. 47 1

2. 36 6 2.20 8 2. 42 3
2. 26 6 2. 14 6 2. 23 5
2. 18 6 2. 06 3 2. 18 3
2. 11 4 1.94 3 2. 13 1

2. 06 4 1.89 2 2. 07 1

1.94 5 1.84 4 1.94 2
1.87 1 1.80 1 1.89 2
1.83 3 1. 75 4 1. 84 1

1.79 4 1.70 4 1.82 1

1.75 1 1.66 6 1.81 1

1.71 3 1.62 2 1.77 2
1.64 5 1. 57 4 1.71 2
1.60 6 1.54 2 1.68 2
1.56 1 1. 50 4

1.52 2 1.45 3

1.47 3 1.34 3

1.40 2 1.30 3
1.38 4
1.27 1

1.24 2

1. 18 2
1.07 2

« CA-10H2O. Midgley [18]. On preparation described by Jones and
Roberts [7].

b C2AS-8(?)H20. Fratini and Turriziani [21]. Calculated from values
for 28 given by the authors. Fratini and Turriziani give hexagonal cell with
a=8.85±0.05 A, c= 12.66 A ±0.07 A.

« C3A-3CaS04-32H20. Midgley [18] quoted by Lea [26]. Hexagonal cell,

a=11.10 A, c=21.58 A.
i C3F-3CaS04-31-33H20. Aruja and Rosaman [15]. On preparation by

Jones [271. Aruja and Rosaman give hexagonal cell, with a=11.23 A, c=
22.14 A.

An attempt has been made to prepare, in a

number of tables, X-ray powder-pattern data on
as many compounds or solid solutions as possible

relevant to these structures. It has however
been concluded that the best available data are

in many cases not sufficiently complete, or not

always on pure phases or preparations of precisely

known chemical composition, to justify at present
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their inclusion. Such tables must await further
precise experimental work. It appears desirable
to emphasize the importance of examining pure
phases, free from carbonation, of precisely loiown
chemical composition, including water content.
It has been noted also that at least four different

methods of recording intensities of lines in the
patterns are in use in the literature, while the
accurac}^ appears to vary. This variation is

combined with slight differences in spacings and
in numbers of lines recorded, etc., depending on
the kind of camera used and slightly varying
techniques. It is hoped that more precise tables
may be published later.

(a) The Hexagonal Layer Lattice Typified by
C3A.Ca(OH)2-aq.

The most recent attempt to solve the problem
of the structure of the crystal lattice of "hex-
agonal" tetracalcium aluminate hydrate appears
to be that of Buttler, Dent Glasser, and Taylor
[10] (1959). It seems clear from recent papers
by Roberts [11] and Jones and Roberts [7] that
in the work of Buttler, Dent Glasser, and Taylor,
which dealt with both 4CaO-Al203-13H20 and the
natural mineral hydrocalumite, containing 1.8

percent CO2, only one form, beta (c=7.9A) of

4CaO-Al203-13H20 was studied. Furthermore,
this is a form obtained only after drying the
oii-^oL2 forms of C4A-19H20; i.e., the fully hydrated
variety which exists in the aqueous equilibria

of the system CaO-Al203-H20. Nevertheless
the paper makes a valuable contribution to our
understanding of the lattice structure of this

group as a whole. The relationship between the
fully hydrated forms and the structures obtained
on drying to various stages of water content is

conveniently summarized in table 2.

This is not the place for a detailed considera-
tion of the structure, nor is the writer sufficiently

experienced in experimental crystal-structure tech-
niques to undertake it. However, the conclusions
reached by the authors are very important.
Previously it has been generally accepted that the
structure is based on alternate layers of Ca(0H)2
and A1(0H)3 (Brandenberger [12] (1933)), a view
supported by the work of Tilley (with Megaw and
Hey) [13] (1934) on hydrocalumite. The struc-
ture proposed by the latter authors for synthetic
4CaO-Al203-13H20, based on their study of
hydrocalumite, was of Ca(0H)2 layers (one Ca^"*"

ion in three replaced by H2O) alternating with
layers of Al^+ and the remaining H2O and 0H~.
For various reasons, Buttler, Dent Glasser, and
Taylor consider this arrangement unsatisfactory
and although not able to determine the exact
structure of the compound, they suggest that six

of the OH" ions in the "structural element"
Ca2Al(OH)7-3H20 occur in an octahedral layer,

and the seventh, outside, closely associated
with H2O molecules (presumably in a separate
layer). Furthermore, it is indicated that the struc-

tural element is only one octahedral layer thick
(though this does not seem to accord with the
suggestion above, that the seventh 0H~ is outside
the octahedral layer and closely associated with
H2O) and that the three octahedral sites in the
structural element are occupied by 2 Ca^"*" and
1 Al^"*" in "ordered" positions. The octahedral
groups formed (Al^+ or Ca^+ at centers of the
octahedra and 0H~ at the 6 corners) then share
0H~ at the corners along two edges to form a
layer containing both Ca^"*" and AP"*". The alter-

nate layers, according to the views of the authors,

therefore appear to contain the remaining OH"
(outside the octahedral layer) and associated H2O

In aqueous system

Table 2. Tetracalcium aluminate hydrates

ai-C4A-19H20

i

loss of loss of

On drying

], water

a-C4A-13H20 (a-polymorph)
a=5.74 A, c=8.2 A

Atomic contents of structural

element:
Ca2Al(OH)7-3H20

2 or more polytypes?

loss of

water \

|8-C4A-13H20 (/3-polymorph)
(1=5.74 A, c=7.92 A

Atomic contents of structural

element:
Ca2Al(OH)r3H20

2 or more polytypes (different

ways of stacking cell con-
tents).

loss of
I

water 1 r water

Simplification and deterioration of

order in stacking of layers, with
decrease in basal spacing to give

C4A-11H20
and

C4A.7H2O
successively.
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molecules. The actual structure in this layer is

not discussed.

A complicating conclusion reached by Buttler,

Dent Glasser, and Taylor is that the structural

elements in the layers "appear to be stacked in a

complex way, so that the 'true structure' only

repeats after a large number of layers" giving

"polytypes" (varieties with different systems of

stacking). Keferences are given to this type of

structure in other compounds. For the present

purpose it appears that such variations in stacking

can be ignored, except for their effect in modi-
fying a hexagonal lattice to a monoclinic one.

The relationship of 4CaO-Al203-13H20 and
hydrocalumite is however important since the

differences between the two structures appear to

be significant, in particular in relation to carbona-
tion of CiA-lSHzO and the structure of such com-
pounds as CsA-CaCla-aq., C3A-CaS04-aq., CsA-
CaCOa-aq., etc. It merits therefore a brief

description.

The authors state, "The unit cell of hydro-
calumite (a=9.9A,6= 11.4A,c=16.84 A, /3=111°)

is closely related to that of 4CaO-Al203-13H20.
If the systematically weak groups of reflections

are ignored, a pseudocell is obtained that contains

two identical structural elements related by a

pseudo glide plane. These structural elements

are hexagonal with a=5.7 A, c=7.86 A. and
are thus almost identical in size with those in

4CaO-Al203-13H20. They are stacked differently

in the two cases: in hydrocalumite the stacking

is such as to make the crystal monoclinic, and
some of the structural elements must contain

carbonate ions. The true unit cells and the

powder patterns therefore differ."

Although it would appear that differences in

stacking alone may lead as suggested to a mono-
clinic structure in hydrocalumite, it is not clear

to the writer why emphasis should necessarily be
placed here. From Buttler, Dent Glasser, and
Taylor's work, it would appear that it is the

seventh OR- of 4CaO-Al203-13H20 (CaaAKOH);-
3H2O) outside the octahedral layer, that is in-

volved in replacement by other ions. According
to the authors, also, in hydrocalumite one in

eight structural elements contains COi" replacing

20H~ + 3H20. It seems possible that the funda-
mental difference between hydrocalumite and
4CaO-Al203-13H20 may lie in the structural

elements, those containing COi" conforming to a
monoclinic lattice as opposed to a hexagonal
lattice for the OH- of 4CaO-Al203-13H20. (Al-

though the authors refer to the structural elements
in hydrocalumite as hexagonal, they do not
discriminate between those not containing and
those containing carbonate ions.) It appears
therefore to be a possibility that in hydrocalumite
there is a mixture of hexagonal and monoclinic
structural elements, making the structure as a
whole monoclinic, and that this may be of greater

importance than stacking differences.

Brief reference is made to synthetic compounds
of the type C3A-CaX2-aq., and CsA-CaY-aq. as

being formed by complete replacement of the OH"
group outside the octahedral layer, while, depend-
ing on the size of the anion X or Y and the number
of water molecules displaced by it, the thickness
of the structural element can either increase or
decrease.

Presumably the structures so produced may
strictly be monoclinic rather than hexagonal.

It may be noted that Buttler, Dent Glasser,

and Taylor do not discuss the possibility of other
carboaluminate compositions besides that of

natural hydrocalumite. It is not clear whether
they regard it as a unique compound or as a stage
in a solid-solution series C3A-Ca(OH)2-aq.-C3A-
CaC03-aq. although on the whole the latter seems
to be inferred. There appears however to be no
clear evidence of such a solid solution at present.

Carlson [14] has recently commented in his work
on the system CaO-Al203-H20 at 1 °C, that in

X-ray patterns obtained by him, the carbo-
aluminate 3CaO-Al203-CaC03-llH20 and 4CaO.
AI2O3 I3II2O appeared to exist side by side, with
no evidence of solid solution. A similar observa-
tion has been made in investigations at the Build-
ing Research Station [15]. Although the mono-
carboaluminate is not directly involved in the

system CaO-Al203-H20 it is important as a

possible contaminant. Since Bessey [1] first pre-

pared "low" and "high" forms of carboaluminate,
little work has been published, though reference

is made by Carlson [14] and a paper has been
published by Turriziani and Schippa [16].

Returning to the general consideration of the

hexagonal layer lattice structure, several instances

are known where Al is replaceable by Fe. They
include the compounds "C3F-Ca(OH)2-ll-13H20",
"CgF-CaCls-xHaO", "C3F CaS04-xH20", or solid

solutions, which will be discussed later. The
existence of carboferrites must also be visualized,

though no preparation appears to have been
recorded. One such preparation has however been
made at the Building Research Station and X-ray
data obtained. (Roberts [15].)

In addition to compounds of the above general

lattice type, we have also to consider the struc-

tures of C4A-19H20 (from which C4A-13H20 is

presumably derived by loss of H2O) . of C2A-8H20,
of CA-lOHsO, and of C2AS-8(?)H20'.

Accepting the proposal of Buttler, Dent Glasser,

and Taylor on the structure of C4A-13H20, the

additional 6H2O of the C4A '19H20 hydrate may
tentatively be assigned to the intermediate layers

containing 0H~ and H2O only, possibly constitut-

ing in effect a separate H2O layer.

The C2A-8H20 structure may then be derived

from that of C4A-19H20 by substitution of A1(0H)3
for 3H2O in these layers, thus:

C4A19H20+A-3H20^C4A2-16H20 (C2A-8H20)

or

Ca2Al(0H)7-6H20+Al(0H)3
- 3H20^Ca2Al2 (OH) ,o-3H20.
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Possible layer relationships may be indicated as

[Ca2Al(OH)6][(OH).6H20]+Al(OH)3-3H20
->[Ca2Al(OH)6][Al(OH)4-3H20]

KC4AH,9 C2AH8 or

[Ca2Al(OH)6][(OH).3H20][3H20]+Al(OH)3
-3H20^[Ca2Al(OH) e] [Al (OH ) 4] [3H2O]

or [Ca2Al(OH) ,] [
(OH ) 3H2O] [Al (0H)3]

The very similar dimensions of the unit cells of

aa-CiA-lQHzO and q:2-C2A-8H20 (Jones and
Roberts [7]), which can be satisfactorily indexed
(reference [7] and Aruja [15]) on unit cells of

dimensions a=5.77 A, c=21.37 A and a=5.80 A,
c= 21.59 A respectively, support the indications

from the phase-rule equilibrium studies by Jones
and Roberts that a solid solution may be formed be-
tween these two compounds. The hexagonal plate
solid solution of composition C2-2.4A-8-lO.2H2O
appears to be formed in a crystal lattice which is

virtually that of ai-C2A-8H20. Thus the X-ray
patterns are indistinguishable. Tentatively we
may write:

6C2A-8H20=12Ca(OH)2-12Al(OH)3-18H20
= Ci2A6-48H20

3C4A-19H20=12Ca(OH)2.6Al(OH)3-36H20
=Ci2A3-57H20

5C2.4A-10.2H2O=12Ca(OH)rl0Al(OH)3-24H2O
= C.,A5-51H20

It may be that this solid solution is formed by
replacement of up to one-sixth of A1(0H)3 in the
C2A;8H20 by H2O (Al(OH)3=3H20) without
significant change in structure other than removal
of some AP"*" and consequent replacement of

equivalent 30H~ by 3H2O in the structure, and
that further replacement results in a slight modi-
fication of structure to that of the C4A19H2O
lattice. Since the unit-cell dimensions are prac-
tically identical, it would appear that the slight

requisite rearrangement is wholly in the layers
containing only AP++0H"+H20.
From the cell dimensions and densities of

a2-C2A-8H20 and a2-C4A-19H20, it may be
calculated that for a cell for a2-C2A-8H20 of

a=5.80 A, c= 21.59 A, with density 1.95, there
are present 2 molecules of C2A-8H20, correspond-
ing to 4Ca(OH)2-4Al(OH)3-6H20, and for a cell

for a2-C4A-19H20 of a=5.77 A, c=21.37 A with
density 1.81, there is present 1 molecule of

C4A19H2O, corresponding to 4Ca(OH)2-2Al(OH)3-
I2H2O. This does not accord with the suggestion
implicit above that the unit cells may contain
6 and 3 molecules respectively to accord with
12Ca(OH)2-12Al(OH)3l8H20 and 12Ca(OH)2-
6A1(0H)3-36H20 and with the sohd solution in-

dicated experimentally. The unit cells may how-
ever be based on multiples or submultiples of

the dimensions given. Dimensions corresponding
to found maximum solid solution are respectively
a2-C2A-8H20, a=5.80 A, c=64.8 A, a2-C4A-
I9H2O, 0= 5.77 A, c=64.1 A.

The pattern of CA10H2O (table 1) is markedly
different from that of C2A-8H20. Carlson [17]
has obtained it as weakly birefringent hexagonal
prisms, with a mean refractive index of 1.471.

This autlior gives the X-ray pattern together with
that of an analogous monostrontium aluminate.
A pattern has also been published by Midgley
[18]. Brocard [19] had already indicated in 1948
that a product of hydration of CA obtained by
him had an X-ray pattern which he assigned
to a hexagonal lattice with a= 9.45 A, c=14.6 A.
From later work the pattern appears to be that of
CA IOH2O. It seems likely that there is an ap-
preciable difference between the structures of
CjA-SHzO and CA IOH2O, but the mode of transi-
tion and the relationship between the two struc-
tures is still not clear.

Finally, in the case of a compound C2AS aq.,

zur Strassen [20] writes the formula as C2ASH8.
It appears from the literature that it crystallizes

as hexagonal plates. Fratini and Turriziani [21]

had previously given an X-ray pattern (table 1)

and stated that they had indexed it satisfactorily

on a hexagonal cell, with a= 8.85±0.05 A, c=
12.66 ±0.07 A. These values may be compared
with those given previously by Wells, Clarke, and
McMurdie [22] for C4A-13H20 and CjA-SHzO;
i.e., a=8.8 A, c=8.2 A (apparently for a-C4A-
I3H2O) and a= 8.8 A, c=10.6 A, respectively.
There appears thus to be a close similarity
between all these structures. The parameters
given by these authors are not necessarily the
true parameters of the cell, though they will be
simply related to them.

(b) The Hexagonal Layer Lattice Typified by
C3A 3Ca(OH)2 aq., C3A-3CaCl2 aq., CsA-SCa
S04 aq., etc.

Of the three "type" compounds given, one,
C3A-3Ca(OH)2-aq., appears to be formed only
under conditions of exceptionally high lime con-
centrations, which do not occur in the cement-
water system. Thus Flint and Wells [23] (1944)
prepared it by mixing a metastable monocalcium
aluminate solution with a strong solution of lime
in a sugar solution. Again, the corresponding
C3A-3CaCl2-aq. compound has been prepared by
Serb-Serbina, Savvina, and Zhurina [24] (1956),
by hydration of C3A in a 23 percent CaCU solu-

tion at —10 °C. (The authors state that the
preparation of this compound below 0 °C was
first reported by V. E. Leirikh.) At +20°C
the "low" chloroaluminate was obtained
(3CaO-Al2O3-CaCl2-10H2O), but the "high" form
was also stated to be obtained at this temperatm^e
with a high solution/C3A ratio. The formation
of the "high" chloroaluminate appears to be
partly dependent on temperature and partly on
CaCU concentration in solution. It would not
be formed under normal practical conditions in

hydrated cement, but the possibility at sufficiently

low temperatures must be borne in mind.
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The only structure of this type which appears

to have been examined is that for C3A-3CaS04-aq.

as the mineral ettringite, by Bannister [25] (1936),

referred to most recently by Lea [26]. The latter

states: "The hexagonal unit cell of ettrmgite con-

tains two molecules of 3CaO-Al203-3CaS04-3lH20
and has ao=6o=ll-10 A, co=21.58 A. The space

group is C31c. Four close-packed layers of O or

OH ions make up the structure, with embedded
Ca, S, and Al. The latter form A1(0H)6 groups in

octahedral coordination and the sulfur is present

as SO4 tetrahedra. Four of the Ca ions have

sevenfold coordination and eight sixfold. Forty-

eight water molecules are located in channels

parallel to the c axis and two are more closely

built into the structure. The structural formula

thus becomes Cai2Al4(OH)24(SO4)6-50H2O. On de-

hydration at about 100-110 °C the 48 interstitial

water molecules are lost and the lattice shrinks so

that ao= 8.4 A and Co= 10.21 (= K 20.42) A."

It is noteworthy that the length of the c axis is

very close to that of C4A-19H20, a=5.77 A,

c=21.37 A and of CaA-SH^O, a=5.80 A, c=21.59
A [7].

Few instances are known of replacement of Al

by iron in structures of this type. They include

C3F-3CaS04-aq. and solid solutions (stated to

be only partial) between C3A-3CaS04-aq. and
C3F-3CaS04-aq. Both Jones [27] and Budnikov
and Gorshkov [3] have claimed the preparation

of a pure C3F-3CaS04-aq. Cirilh [28] had con-

cluded that it was not possible to obtain it by
addition of ferric sulfate solution to saturated

lime-calcium sulfate solution, but concluded that

a partial mixed solid-solution series could be
formed in this way. There is not necessarily any
conflict of evidence here. An X-ray powder
pattern obtained by E. Aruja and D. Rosaman
at the Building Research Station on the prepara-

tion by Jones [27] is given in table 1. It will

be seen that it is closely similar to that of

C3A-3CaS04-32H20. Aruja and Rosaman indexed
the data on a hexagonal unit cell with a= 11.23 A,

c= 22.14 A, only very slightly larger than that for

C3A-3CaS04-32H20 (a= 11.10 A, c=21.58 A).

The System Lime

(a) Introduction and Review of Phase-Rule
Equilibrium Studies

In the study of this system, Bessey's [1] original

warning about the diflicultj^ of avoiding carbona-
tion of phases in carrying out experiments is still

apt, and it is strongly emphasized by the present
author that the utmost care should be taken to

exclude carbon dioxide at every stage. Carbona-
tion is probably responsible for much erroneous
interpretation in the past.

In this connection, it may be noted that in

recent years several authors have used polyeth-
ylene vessels as an alternative to glass vessels in

order to avoid attack of the glass. Carlson [14]

(c) The Cubic Lattice Typified by C3A 6H2O
Lea [26] has quoted Brandenberger [29] and

states that C3A-6H20 is "cubic with a= 12.56 A,
body centered, space group lajd; eight formula
units are contained in the unit cell". As dis-
cussed later, an isomorphous series of solid solu-
tions can be formed in which A is replaced by F
and 2H2O by SiOa giving the garnet-hydrogarnet
series found by Flint, McMurdie, and Wells
[30]. An important point here is how far Fe can
replace Al in the structure without causing
instability. This point is discussed.

With reference to this section of the paper as
a whole, it appears to the author that the develop-
ment of discussion of structural considerations in

a unified sense, as incompletely attempted above,
should lead to significant advances in the imder-
standing of what calcium aluminates and ferrites,

as well as related complex chloro- or sulfocom-
pounds or solid solutions, are practically possible.
The X-ray data obtained by various authors
appear to be as yet incomplete and of unequal
value as between those available for different
compounds, or known compositions approximating
to probable compound compositions. The im-
portance of precise control over "H2O" content
has already been stressed among other difficulties

of obtaining a pure single phase for examination.
The importance of knowing the precise chemical
composition of the solid phase examined is also em-
phasized by the close similarity in X-ray powder
patterns shown by different compounds or their

solid solutions; e.g., compounds C4A-19H20 and
C2A-8H20 or C3F-Ca(0H)2 aq. and C3F.CaCl2 aq.
There is much yet to be done, but there are clearly
many interesting possibilities, not fully worked
out here, of simple relations b(!tween the various

lattice structures under review.

In the remaining parts of this paper, the systems
Ca0-Al203-H20 and Ca0-Fe203-H20 are dis-

cussed in detail, the forme]' in particular from
the phase-rule point of view, in relation to the

calcium aluminates or ferrites or solid solutions

which can be formed.

-Alumina-Water

has recently drawn attention to a paper by Myers,
Rogers, Stannett, and Szwarc [31] which gives data
on the permeability of polyethylene to gases,

including carbon dioxide. It is not clear at present

how much risk of carbonation is involved, but it

is evident that in order to reduce or eliminate it,

consideration needs to be given to this factor in

relation to the temperature of use, the grade, den-
sity, and wall thickness of the polyethylene, or

other protective measures.

Apart from carbonation, the vital importance of

the control of water content of solid phases has

been made clear by recent work of Jones and
Roberts [7].
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The list of artificially prepared hydi'ated calcium
aluminates given by Bessey in his 1938 paper was
increased to include C6A-33H20 in Steinour's verv
full review of 1951 [32]. D'Ans and Eick [33] also

gave a tabulated chronological surve,y of individual

solid phases in their 1953 paper, which covers sub-
stantially the same list but gives in detail different

water contents reported by various authors. Per-

haps the time has come when we can dismiss such
varying water contents as partly the result of

slightly varying drying conditions and varying
amounts of carbonation, and assign, on grounds of

precise control of experimental conditions and
appeal to structural concepts, precise values of

"H2O" in the normal" oxide" formulation, whether
this "H2O" is present as actual H2O groupings or

0H~ groupings or both.

Preliminary Brief Chronological Survey

(1) Bessey [1| (in Collaboration With Lea) at 25 °C (1938)

Bessey gave a statement of general relationships

in the system at 25 °C (fig. 1) as concluded by
him -and Lea on the basis of previous investiga-

tions carried out by them and others. They
considered that there had been established a
stable solubility curve OA for Al203-aq., an
invariant point A for Al203-aq.-C3A-6H20 (also

indicating congruent solubility of CsA-GHsO), a
stable solubility curve AB for CsA-GHaO, an
invariant point B which was either for CsA-GHjO-
C4A13H2O or C3A12H2O-C4A I3H2O, a solubility

curve BC which was either a continuation of the
solubility curve for C3A-6H20, or the stable

solubility curve for C4A-13H20, and C, the solu-

bility of calcium hydroxide in water. OD was
then described as a inetastable solubility curve
for Al203-aq., either passing through A, or an
entirely separate curve, "possibly of a different

hydrate of alumina." D is stated to represent the
approximate solubility of C2A-8H20, apparently
congruent, in water, and also a metastable
invariant point C2A-8H20-Al203-aq. Finally, it

was considered that tlie metastable solubility

curves for C4A13H2O, C3A I2H2O, CoA-8HoO and
C3A-18H20 lay within the area DEB.

(2) Wells, Clarke, and McMurdie [22] at 21 °C and 90 °C (1943)

At 21 °C these authors made a substantial
step forward. In precipitation from mixtures of

metastable calcium aluminate solutions and lime
solutions, they obtained a "practical" curve ABD
(fig. 2) for a hexagonal-plate solid phase in which
the CaO/AljOa ratio varied from 2 to 4. They
considered that either (a) there are overlapping
solubiUty curves for C^A-lSHsO and C2A-8H20 or
(b) the curve is a solid solution curve throughout
the entire range. They preferred the former
interpretation and concluded that the ends of the
experimental curve relate primarily to one or
other of the two hydrates respectively, with a

Jniddle portion where the two aluminates markedly
intercrystalHze. They expressed the belief that
"the hydrated dicalcium and tetracalcium alumi-

nates, being of a veiy similar structure parallel to
tlie a axis, can intercrystallize and give masses
which are made up of the one compound so
intimately mixed with layers of the other that
average indices of refraction arc ofjluincd."
In spite of this region of postulated ir)tercrystalli-

zation. Wells, Clarke, and McMurdie suggested
that a metastable invariant point C4A-13II20-
C2A-8HoO existed at about 0.5 to 0.6 g CaO per
Hter and 0.10-0.15 g AI2O3 per liter. It was also
concluded that tlie hitherto supposed compound
C3A12H2O is a mixture of C2A-8H20 and
C4A-13H20 interciystallizing in equiniolar pro-
portions.

It may be observed that at tiiis stage the
conclusions on the precise significance of the
curve ABD are still left in the realm of conjecture.
At 90 °C, liexagonal pliases were so unstable

that no attempt was made to study their solubility
relationships. Only curves for stable phases were
therefore determined, gibbsite, CsA-eHoO, and
Ca(0H)2. No other stable hydrated calcium
aluminates were found.

CaO. q. per litre

Figure 1. tioluhilily relations in the system CaO-Al203-
H2O at 25 °C {Bessey [1], 1938).

CaO. g. per litre

Figure 2. System CaO-AloOs-HjO at 21 °C.

Hexagonal plate "practical curve" from precipitation. (Wells, Clarke,
and McMurdie 122], 1943.)
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(3) D'Ans and Elck [33] at 20 °C (1953)

The solubility curves suggested by D'Ans and

Eick are indicated in figure 3, which is based on

their figure 4. From two series of mixtures of

metastable calcium aluminate and Hme solutions,

D'Ans and Eick obtained precipitates which,

following Wells, Clarke, and McMurdie, establish

a "practical" equilibrium curve for metastable

hexagonal plate phases. Certain of the mixtures

are stated to precipitate immediately hexagonal

mixed crystals. Filtration after two hours gave

filtrates which yielded the solution compositions

used to define a large part of the "practical"

curve to the left of a deduced invariant point

CaA-SHaO-CiA lSHjO. These mixed crystals are

stated to consist mainly of crystals rich in

a-C4A-13H20 with a Httle rich in CaA-SHoO and a

httle or some C3A-12H20. There was slow con-

version to CaA-SHaO. Two mixes {D and E)
were also stated to give CsA-lSHjO, C3A-12H20,

or A1(0H)3. D'Ans and Eick refer specifically

to the hexagonal-plate phases precipitated as

having no uniform composition, and of being a

mixture of plates, but state that pure compounds
are rare and that there is a strong tendency

toward the formation of anomalous "mixed-

crystals." There seems little reason to doubt
that the "practical" curve obtained is essentially

similar to that of Wells, Clarke, and McMurdie,
though it is not coincident with it.

Apart from this "practical" curve, D'Ans and
Eick have concluded, on the basis of data which
appear to be open to criticism as discussed later,

that two distinct curves for CaA-SHaO and a-

C4A-13H20 exist, each throughout a long range of

solution concentrations, intersecting in an in-

variaat point Y at 0.610g CaO per liter, 0.095 g
AI2O3 per liter, that a solubility curve for a

/S-CA-lS-MHaO exists, extending into regions of

low lime and low alumina concentrations, and that

there are solubility curves for C3A-12H20 and
CaA-lSHaO situated between what are termed the

"limit curves" for a-C4A-13H20 and C2A-8H20.
Apart from the "practical" curve, none of the con-

CaO q. p!r lilrc

Figure 3. System CaO-AlaOs-HjO at 20 °C {D'Ans
and Eick [33], 1953).

(Used by permission, Zement-Kalk-Gips.)

elusions listed above seem to be built on very sure
foundations.

(4) Peppier and Wells |34| at 50 "C to 250 °C (1954)

Examination was made at 50 °, 120 °, 150 °

200 °, and 250 °C at pressures from 1 to 39
atmospheres. The only new hydrated cal-
cium aluminate phase formed was a compound
4CaO-3Al203-3H20 (first prepared by Harris,
Schneider, and Thorvaldson [35] (1943)), stable
above 215 °C. Below this temperature the cubic
3CaO Al203-6H20 remains the stable hydrated
calcium aluminate phase. The compound CjAs-
3H2O [34] "was prepared by heating a lime-
alumina clinker for seven days at 278 °C. The
resulting product was found to be homogeneous
when examined microscopically. It consisted of
rectangular plates having low birefringence with
indices very close to 1.627". Properties had been
given previously by Johnson and Thorvaldson
[36] (1943) who stated that it crystallized in
colorless elongated rectangular plates with paral-
lel extinction, positive elongation, and low bire-

fringence, of average R.I.= 1.627, c?2o 00= 2.71,
probably orthorhombic.

(5) Majumdar and Roy (37) at 100° to 1,000 °C (1955)

These authors state that the X-ray powder
pattern they obtained of the compound 4CaO-
3Al203-3ll20 varied from that reported by Johnson
and Thorvaldson [36].

(6) Schippa and Turrlzlanl |38| at 15°, 18°, 20 °C (1957)

Schippa and Turriziani carried out precipitation
experiments from supersaturated solutions. Their
data fall on a curve roughly coincident with that
obtained by Wells, Clarke, and McMurdie at

21 °C, but again with no clear indication of an
invariant point. X-ray examination of moist
solids of CaO/Al203 ratio near to 4 yielded spacings
similar to those for C2A-8II20, but which could not
relate to this compound. This matter was not
however cleared up.

(7) Buttler and Taylor [39] at 5 °C (1958)

The main feature of the behavior at 5 °C as

compared with that at higher temperatures inves-

tigated by previous authors is the formation of the
CA-lOHsO phase (see fig. 4, after Buttler and
Taylor's fig. 2). "This compound was originally

prepared by Assarsson [40]. The establishment
of an equilibrium curve for this compound appears
liowever to be difficult because of the unstable or
highly metastable nature of the equilibria, the

formation of unstable hydrated alumina, and the
apparent difficulty of obtaining equilibria from
undersaturation. From undersaturation it ap-
pears that at 5 °C an equilibrium curve (HC in

Buttler and Taylor's fig. 2) falls well below that

for the hexagonal plate phase. There is, however,
an apparent conflict of evidence from supersatura-

tion and undersaturation, and it seems open to

question whether in fact the curve HC concluded
by Buttler and Taylor as that for CA-10H2O can
be taken as established in the position assigned to it.
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(8) Carlson [14] at 1 °C (1958)

The general scheme of this work was again to

approach equihbrium from supersaturation (by

mixing calcium aluminate solutions and saturated

limewater) and from undersaturation (by treating

various prepared solid phases with water or lime

solutions). The solid phases found in the system

were stable Ca(0H)2 and CsA-GHiO and meta-

stable CAIOH2O, C.A-SH^O and C4AI3H2O
(fig- 5).

(9) Perclval and Taylor [41] at 21 °C (1959)

In a recently published note, these authors

consider that they have established a curve for

CA-lOHzO in the system at 21 °C, obtained by
shaking CA-lOHjO with water or lime solutions.

They could not however establish such a curve

by precipitation from supersaturation, nor was
any curve obtained by shaking CA-lOHjO with

water or lime solutions at 50 °C. Further, in

their precipitation tests from supersaturation at

21 °C, they always obtained CzA-SHoO (fig. 6).

(10) Buttler and Taylor [42] at 5 "C (1959)

This paper is restricted to the behavior of

CA, CA2, and mixtures of these when treated with
water or lime solution in dilute suspension.

(H) Jones and Roberts [7] at 25 °C (1955-60)

The results of a re-examination of the system
CaO-AlaOa-HaO at 25 °C (to be published)

show that the hydrates a- and /3-C4A I3H2O
previously thought to exist in the aqueous system,
are formed only on drying a C4A19H2O hydrate
which is the only tetracalcium aluminate hydrate
in the system. This hydrate can, however, exist

in two forms, one of which is relatively unstable
with respect to the other. The latter can be
satisfactorily indexed on a hexagonal unit cell.

In addition, a solid solution of composition range
C2_2.4A-8-lO.2H2O, is formed, and also two
C2A-8H2O hydrates of closely similar structures,

one of which is unstable with respect to the other.

The more stable of the two, when passed through
a dehydration and rehydration cycle, converts to

a form of C2A-8H2O which appears to conform
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strictly to a hexagonal lattice. The results give
a substantial clarification of previous work on the
system. Figure 7 shows the solubility relation-
ships and curves for various solid phases as given
by these authors.
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Figure 5. System CaO-AlaOs-HjO at 1 °C (Carlson

[14], 1958).

0-2 0-5 0 + 0-5

CaO. q. per litre

0-6 0-7

Figure (5. System CaO-Al203-H20 at 21 °C (Percival
and Taylor [41], 1959).

Figure 4. System CaO-AlzOs-HzO at 5 °C (Buttler

and Taylor [39], 1958).

Figure 7. System. CaO-AliOa-HjO at 25 °C (Jones and
Roberts [7], I960).
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Review of Other Studies in the Light of Jones

and Roberts' Work at 25 °C

It appears that the results and conclusions of

Jones and Roberts may be used to reinterpret

results previously obtained by other workers, and

it is proposed to test this in the following discussion.

Jones and Roberts have concluded that at 25 °C:

(1) As previously recognized the only stable

solid phases are crystalline C3A-6H20, CaCOH)^,

and gibbsite (7-A1203-3H20).

(2) Hydrated (or hydrous) alumina, AlaOa-aq.,

can exist in the system in various unstable-»stable

states, ranging from a highly gelatinous hydrous

alumina, through T-AUOg-HaO (boehmite) and

a-AlsOs-SHsO (bayerite) to t-AIsOs-SHjO

(gibbsite).

(3) Metastable hexagonal-plate phases can exist

based on C4A-aq. and CzA-aq. structures as follows:

(a) ai- and a2-C\A-19H20. These are modifi-

cations of a new hydrate C4A-19H20.
The ai-form is considered to possess an

unstable or "disordered" layer structure. Where
formed in the aqueous equilibria, it is unstable

with respect to the a2- structure and converts

to it.

The a2- form is basically the only C4A hydrate

which has a more than transient existence. The
X-ray pattern is simpler than for the a,- form
and can be satisfactorily indexed on a hexagonal

unit cell of dimensions a= 5.77 A, c= 21.37 A.

(b) Solid solution C2~2aA-8-10.2H2O. A met-

astable phase of varying CaO/Al203 ratio between
2 and 2.4, and varying H2O/AI2O3 ratio between
8 and 10.2. It appears to be formed between

ai- or a2-C4A-19H20 and q!i-C2A-8H20 (below).

(c) ai-C2A-8H20. The previously known
metastable C2A-8H20.
The X-ray pattern of this compound cannot be

satisfactorily indexed on a hexagonal unit cell,

apparently because of a "disordered" layer

structure. In this respect it is similar to aj-

C4A-19H20. It does not transform to a more
stable structure in solution (so far as obs'^rvations

have at present gone), but it can be so converted

(to a2-C2A-8H20 (below)) by passing through a

dehydration and rehydration ^ycle.

(d) P-C2A-8H20. A new metastable hydrate,

less stable than ai-C2A-8H20 (above), into which
it gradually converts in the aqueous system; i.e.,

in contact with solution. It cannot be satis-

factorily indexed on a hexagonal unit cell, also

apparently because of a "disordered" layer

structure, which now, however, involves a slight

decrease in the basal spacings (longest basal

spacing 10.7 to 10.5 A).

(4) C4A-19H20 («! or 02) is the only tetra-

calcium aluminate hydrate which exists in the

aqueous system (i.e., in contact Avith solution)

and the a- and j8-C4A l3H20 hydrates previously
thought to be present in the aqueous equilibria

are formed only as a result of dehydration of the

C4A-19H20 hydrates according to the equation:

C4A.I9H2O- 6H20^C4A- I3H2O.

It follows that no "solubility" curves for a- or
/3-C4A-13H20 can exist in the aqueous equilibria,

and that what have hitherto been interpreted as
curves for these compounds are really curves for

ai- and a2-C4A-19H20, or are not truly "solubility"
curves.

(5) No hexagonal-plate form of tricalcium
aluminate hydrate C3A-12H20 exists in the aqueous
system. A solid hydrated hexagonal phase of

C/A ratio= 3 must at equilibrium consist of a
mixture of C4A-19H20 and solid solution of

composition C2.4A-IO.2H2O.

(6) Monocalcium aluminate hydrate does not
form in the aqueous system at 25 °C except as a
transient stage which passes into ai-C2A-8H20.

(7) There is a transition temperature at approx-
imately 22 °C at which CA-lOHzO and CaA-SHsO
are relatively unstable with respect to one another
in the aqueous phase, CA-10H2O being relatively

stable below, and C2A-8H20 relatively stable

above that temperature.

22 °C
2CA.IOH2O C2A-8H20+Aaq.

In addition, there has been found

(8) a2-C2A-8H20. A new metastable hexagonal
plate hydrate, not so far found in the aqueous sys-

tem in contact with solution, but into which
ai-C2A-8H20 converts on dehydration to the 5H2O
hydrate, followed by rehydration. This compound
has the most stable structure of the different forms
of C2A-8H20, one which can be satisfactorily indexed
on a hexagonal unit cell of dimensions a= 5.80. A,
c= 21.59 A. These dimensions are practically the
same as those for a2-C4A-19H20.

Since the most significant range of temperature
for Portland and high-alumina cement hydration
is contained within the limits of 0 °C and 100 °C,

we may exclude from immediate consideration

the studies by Peppier and Wells and Majumdar
and Roy in the higher range of temperature.
Accepting as a basis the work of Jones and
Roberts at 25 °C, it is proposed to consider first

various studies, in order of decreasing tempera-
ture down to 1 °C (table 3), and then such work
as has been done between 25 °C and 100 °C,

leaving for final consideration work above 100 °C.

Range 25 °C to 1 °C

The investigations of Bessey (and Lea) at

25 °C, prior to 1938, have already been briefly

referred to. Little information was given as to

experimental detail. Only an alumina-gel phase,

other than various hydrated calcium aluminates,

was mentioned, while compounds C4A-13H20 and
C3A-12H20 were then accepted as existing in the

system. The last two compounds we now know
do not exist in the aqueous system.

Jones [43] at 25 °C briefly considered the system
CaO-Al203-H20 as part of the quaternary system
CaO-Al203-CaS04-H20 and has described a little
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relevant experimental work. Special emphasis
was laid on the equilibrium relations of hydrated
alumina, separating out initially as a gel and
changing both in crystal form and crystal size

on aging, thus:

Al203-aq. (gel 7-Al203 H20)^a-Al203-3H20
^T-AlA-SHaO.

It was considered that the solubility "curve"
must be regarded as unstable, sweeping out an
area as its position changes with age, untU a

final stable position for 7-A1203-3H20 is reached.

The position of a solubility curve for a crystal-

line A-3H20 near to 7-A1203-3H20 was deter-

mined by Jones at 25 °C by shaking a preparation

of A1203-3H20 with lime solutions of increasing

concentrations for 7 or 28 days. This curve,

combined with Bessey's curve for C3A-6H20 at

25 °C, was accepted as defining with sufficient

accuracy the stable equilibria for gibbsite,

CgA-eHjO, and Ca(0H)2 at 25 °C. No other

work was done at this period in the ternary system,

although it was clear that Jones' curve SW in

the quaternary system CaO-Al203-CaS04-H20
at 25 °C (his fig. 6) (considered at the time as

a solid solution curve—conveniently then written

as
'

'CjA- I2H2O -f- C3A.CaS04-I2H2O +'C3A-Ca(OH)

2

•12H20+Ca(OH)2") corresponded to a similar

curve in the ternary system. This in turn was
to be identified with the solubility curve or curves

within Bessey's area DEB.
Shortly before Jones' publication. Wells, Clarke,

and McMurdie had published their study of the

system CaO-Al203-H20 at 21 °C. This fortu-

nately presents a satisfactoryamount of experimental

data, which from supersaturation yielded their
"practical" curve ABD. This, however, they
found difficult to interpret satisfactorily. It

seems evident now, in the light of Jones and
Roberts' work, that this curve is really made up
of a well-defined curve for the new C4A19H2O
hydrate and a solid solution curve of composition
range in the solid of C2-2,4A-8-10.2H2O. Data
from undersaturation confirmed the practical
curve ABD.

Wells, Clarke, and McMurdie had considered
the problem of determining the exact water
content of the various hexagonal-plate phases.
However, they state that these hydrates "were,
for the most part, washed with alcohol (and
ether), and then were dried at room temperature
in a desiccator containing CaCls". It has been
shown by Roberts [11] that these procedures
result in loss of water from the C4A19H2O hydrate
to give 13H2O and IIH2O hydrates, respectively,
and that although washing with alcohol does
not affect the water content of C2A-8H20, drj^^ing

over anhydrous CaCl2 results in a loss to C2A-
5H2O. From this result it is clear that Wells,
Clarke, and McMurdie could not detect the
C4A-19H20 hydrates in these dried products.
In some instances, however, the samples were
not dried over CaCl2.
X-ray diffraction patterns on freshly-prepared

samples (assumed washed with alcohol and ether,
but not dried over CaCl2) with CaO/Al203 ratios
varying between 2.04 and 3.88, and H2O/AI2O3
ratios varying between 7.92 and 12.60 were
obtained by these authors. It was found that
the extreme compositions gave the lines of

Table 3. Studies of the system CaO-Al203-H20 in range 25 °C—1 °C

Authors Temperature °C General procedure

Bessey (with Lea)

Wells, Clarke, and McMurdle.

D'Ans and Eick_

25 °C

21 °C±1°

20 °C±?.

Buttler and Taylor, 5 °C±0.5°

Carlson. 1 °C±1 °C.

Jones and RobertS- 25 °C±1 °C_

Precipitation from mixtures of supersaturated nionocalcium aluminate solutions
and lime solutions. The mixtures were contained in tightly stoppered flasks
in a room at 21±1 "G.

Approach to equilibrium from undersaturation by placing solid phases C2A-aq

.

and C^A-aq. in calcium hydroxide solutions of various concentrations.
Phases examined by chemical analysis, optical examination, and to some extent
X-ray diffraction.

Solid phases dried, prior to examination, over CaCl2.

Precipitation from mixtures of supersaturated nionocalcium aluminate solutions
and lime solutions. Not apparently shaken, and precise condition of storage
not given.

Approach to equilibrium from undersaturation by shaking a preparation of

C2A-8H20 (of actual composition 2.25 CaO : 1 AI2O3 : 7.7 H2O) with limewater
of various concentrations.

Phases examined by chemical analysis, but solids almost wholly by optical
examination. No X-ray examination.

Precipitation from mixtures of supersaturated monocalcium aluminate solution
and solid CaO shaken continuously for at least a week and then at least daily.
Polyethylene bottles.

Approach to equilibrium from undersaturation by adding solid phases
CA-lOHaO, C3A-6H20 and hydrated alumina to water or lime solutions in

polyethylene bottles and shaking at least part of time.
Phases examined by chemical analysis and X-ray diffraction.

Precipitation from mixtures of supersaturated monocalcium aluminate solution
and lime solutions and from undersaturation by treating various prepared
solid phases with water and lime solutions. The mi.xes were stored in polyeth-
ylene bottles, with occasional shaking, in a refrigerator at 1 °C. Solid phases
usually dried over CaCh. Identification by microscopic examination was
stated to be often impossible and reliance was placed on X-ray examination.

Precipitation from mixtures of supersaturated monocalcium aluminate solution
and solid Ca(0Il)2, solid CaO, or lime solutions. Polyethylene vessels with
very few exceptions. Continuous shaking. Solid phases examined in either

moist solid condition or after controlled drying at definite relative humidities.
Microscopic and X-ray examinations.
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C2A.8H20 and C4A-13H30 hydrates, while inter-

mediate compositions gave the lines of both,

in appropriate proportions. In particular, a

sample with CaO/Al203=3.15 gave a pattern in

which the two 001 lines were of almost equal

intensity. On these grounds the authors con-

cluded that the so-called hexagonal tricalcium

aluminate hydrate is in reality "a mixture of

hexagonal hydrated dicalcium and tetracalcium

aluminates in equal molecular proportions."

From Jones and Roberts' work, it would appear

that such a composition is, in the highly hydrated

state as present in the aqueous equilibria, a

mixture of C4A-19H20 and "solid solution" of

composition C2.4A-IO.2H2O in appropriate pro-

portions, and is, after drying, a mixture of C4A-aq.

and C2A-aq. in conditions determined by the

intensity of the drying procedure.

One interesting matter raised by Wells, Clarke,

and McMurdie was their conclusion that in the

dry state C2A-8H20 decomposes to give C4A-13H20

and A1(0H)3. This conclusion was not confirmed

by Jones and Roberts. It is of course not directly

significant as regards compounds present in the

aqueous equilibria, though Bessey has stated that

the conversion also occurs when CjA-SHzO is kept

in contact with the saturated equilibrium solution

in water. The latter statement is explicable on

the basis of the relations in the aqueous equilibria

as found by Jones and Roberts. Thus C2A-8H20

in contact with its saturated solution is at the

point T of Jones and Roberts' figure 1. Since

this compound represents a highly metastable

equilibrium, it will tend to change along Jones

and Roberts' curve TYV, A1(0H)3 separating out

and gradually changing to a more crystalline and

stable state, tending finally to gibbsite, while the

composition of the equilibrium hexagonal-plate

phase changes through the solid-solution range

and finally converts to C4A-19H20.
It is difficult to explain the conclusion reached

by Wells, Clarke, and McMurdie. However,

drying conditions were intense enough to give

C2A-5H20, the X-ray powder pattern of which

may have been confused with that of C4A-13H20.

Returning to the aqueous equilibria, it may be

noted that Wells, Clarke, and McMurdie in 1943

had approached close to the definite conclusions

reached by Jones and Roberts, in the former's

tentative interpretation of their practical curve

ABD. Thus the part of the curve which they

concluded "applies primarily to the dicalcium

aluminate hydrate" together with the "region

where the two aluminates markedly inter-crys-

tallize because of the close similarity of their

crystal structures" clearly correspond to the solid

solution curve TY of Jones and Roberts, and the

part of the curve "pertaining mainly to the

solubility of the hexagonal tetracalcium aluminate

hydrate" to the definite solubility curve for

C4A-19H20 now established.

Consideration was also given by Wells, Clarke,

and McMurdie to the precipitation of hydrated

alumina in the system. Since the region in which

this can occur is also one in which the compound
CA-10H2O may be found, and the temperature
(21 °C) is approximately or slightly below that
of the stability limit of this compound with
respect to C2A-8H20, it is desirable to discuss the
findings of these authors. They make no refer-

ence to CA IOH2O. Later it may be noted that
Percival and Taylor [41] could not establish a
curve for CA-10H2O by precipitation at this

temperature. Wells, Clarke, and McMurdie found
that either mixtures of hydrated alumina and
hexagonal plate phases were formed, with solution

concentrations along the AB portion of their

curve ABD, or that hydrated alumina alone was
precipitated over an area which is within the
general area where alumina gel in various stages
of crystallization may be formed. These areas
clearly correspond with the unstable invariant
point curve for aging alumina gel and solid solu-

tion concluded by Jones and Roberts and the
area swept through for an aging alumina gel curve.

It may be noted however that the alumina gel

precipitated in Wells, Clarke, and McMurdie's
experiments as an apparent single solid phase
contained some lime (CaO/Al2O3=0.07 to 0.36).

E. T. Carlson [17] (1957) later expressed surprise

that Wells, Clarke, and McMurdie had not found
any CA IOH2O compound at 21 °C. This appar-
ent absence is however not so surprising in view
of the closeness of the temperature to the transi-

tion point. However, Jones and Roberts obtained
this phase at 20 °C together with hydrated
alumina.

Wells, Clarke, and McMurdie's data, as in-

dicated above, show that the hydrated alumina
phase tends to become increasingly rich in lime
with increase in lime concentration of the solution

from which precipitation occurs. The question
arises therefore as to the precise way in which
this lime is linked with the hydrated alumina.
The authors state that the hydrated alumina
when first formed had a refractive index of about
1.50 (variable) increasing with age, more rapidly
near the surface. This observation does not

suggest any formation of CA-10H2O, which has
a refractive index of about 1.47. The surface

index is stated to have increased eventually to

from 1.56 to 1.58, the interior index being definitely

less. Although increase in index might be due
to aging of hydrated alumina to gibbsite (R.I.

1.56 to 1.59), the observation was also made
that the increase in index near the surface was
linked with increase in lime content. The possi-

bility of formation of C3A-6H20 was considered,

although it was pointed out that it had not gone
far enough to raise the external index to 1.605,

the value for C3A-6H20. Wells, Clarke, and
McMurdie draw attention to similar results of

Assarsson [40]. They found that X-ray dif-

fraction patterns of aged hydrated alumina
showed the presence of gibbsite, increasing with

age, that the H2O/AI2O3 ratio was often greater

than 3 and increased with the CaO/Al203 ratio.

No lines of the pattern of C3A-6H20 were detected
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(possibly because the amount was too small).

Thus if the lime present exists as a surface skin

of C3A-6H20, this fact could not be established.

The weight of evidence points to a change to

gibbsite near the surface as explaining the rise

in surface index. It remains a possibility that

some CA-10H2O was present.

A curve which was accepted (reasonably so)

as the solubility curve for gibbsite at 21 °C was
drawn through maximum solubility values for a

gibbsite preparation allowed to stand in contact

with lime solutions of different concentrations

for periods of up to more than 2 yr.

Following Wells, Clarke, and McMurdie's
work, no further comprehensive investigation of

the system was published until that of D'Ans
and Eick in 1953. As previously indicated, it

seems to the writer that some of their conclusions

are open to criticism. They state categorically

that they determined at 20 °C the solubility

curves of stable CsA-GHzO, hydrargillite (i.e.,

gibbsite), and Ca(0H)2; and metastable "active

hydroxides of aluminum," C2A-8H20, a-

C4A-13H20 and /3-C4A.13-14H20.

As in the case of Wells, Clarke, and McMurdie
the existence of C4A-19H20 rather than C4A-13H20
as the hydrated tetracalcium hydrate in the

aqueous phase was not then realized, and their

conclusions therefore need revision in the light

of Jones and Roberts' work.
The "practical" curve obtained for hexagonal-

plate phases by plotting data from supersaturation

is given by D'Ans and Eick in their figure 4

(fig. 3 of this paper). The curve lies somewhat
to the right of the similar curve obtained by
Wells, Clarke, and McMurdie under very similar

conditions of mixing metastable monocalcium
aliuninate solutions and lime solutions. The
reason for the higher solution concentrations of

D'Ans and Eick's curve is not clear. In the

writer's experience, approach to equilibrium in

the mixing of two such solutions and consequent
precipitation is on shaking quite rapid, and there

is no significant difference in the position of the

curve for data obtained after two hours or up
to 60 to 80 days. However there is little doubt
that both curves have the same practical

significance.

Of more immediate interest is the statement
by D'Ans and Eick, based apparentlv only on
optical evidence, that: (as the CaO/Al203 ratio

of the initial mixed solution decreased) their

mix C included, amongst other hexagonal-plate
phases, small amounts of C3A-12H20; mix D
included first a little C3A-12H20, then C3A I8H2O;
and mix E included (together with A1(0H)3)
C3A-18H20 of indices «= 1.475, 7=1-495, as well

as C2A-8H20 and C3A-12H20. Again, theii- mix
C4 developed C3A-18H20.

It is believed that D'Ans and Eick were mis-
taken in their assumption that compounds
C3A-12H20 or C3A-18H20 exist at all in the
aqueous system. They do however say that
C3A-12H20 may be C2A-8H20 crystals with a

higher lime content, or mixed crystals of C2A-8H20
and C4A-13H20. Both Wells, Clarke, and
McMurdie, and Jones and Roberts have con-
cluded that C3A12H2O does not exist in the system.
The position of the alleged C3A-18H20 is of

some interest. Bessey included this compound
in his 1938 list as consisting, according to Mylius
[44] of long needles with refractive indices

0=1.479, /3= 1.489, a= 1.495, but comments that
it had only been observed in precipitation experi-
ments in which ions other than those of the calcium
aluminates were present. It seems unlikely that
such a compound exists in the CaO-Al203-H20,
system. It seems possible that this alleged com-
pound may have been confused with CA IOH2O
precipitation of which is possible at 20 °C in the
precipitation regions concerned. The monocal-
cium aluminate hydrate can occur as prismatic
needles and has a refractive index of about 1.47,

rising on drying (CA-10H2O^CA-7H2O) to w=
1.477, e= 1.480 [17].

With regard to Schippa and Turriziani's experi-
ments at 20 °C, 18 °C, and 15 °C, it will be
observed that they have also carried out moist
solid examinations, but did not pursue the investi-

gations to the conclusions reached by Jones and
Roberts. No new hydrates were identified, and
their experiments did not include muxes where the
compound CA IOH2O is a likely or possible solid

phase.

It has been shown by Jones and Roberts that
the hydrated calcium aluminate phase precipitated
with hydrated alumina from monocalcium alumi-
nate solutions of CaO/Al203=l is C2A-8H20 above
22 °C and CA-10H2O below this temperature,
though CA-10H2O may be formed occasionally in

minor amounts above 22 °C and C2A-8H20 may
also be formed initially at 20 °C, but transforming
into CA-10H2O with longer times of shaking. It

was concluded that a transition temperature exists

at 22 °C below which the C2A-8H20 structure is

unstable with respect to CA-10H2O within certain

solution concentration limits. It follows that at

the temperature of 21 °C or below, CA-10H2O
is to be expected from supersaturation. Percival

and Taylor carried out some work from super-
saturation at 21 °C biit state that it was not found
possible to define the curve (for CA-10H2O).
They state that they did succeed in defining a

curve hy shaking CA-10H2O with water or lime
solutions. It will be further discussed following

consideration of the results of Buttler and Tavlor
at 5 °C.

Considering the data obtained by Buttler and
Taylor from supersaturation at 5 °C, it is clear

that their curve A B C D E F is similar to the
general form of the curves VY, YT obtained in the

investigation of Jones and Roberts at 25 °C, but
is displaced to the left; i.e., to solution concentra-
tions with less lime and alumina. The authors
were not able to distinguish separate solubility

curves. However, their own data seem to provide
clear evidence of an invariant point similar to

that of Y in the present work. Using data
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obtained by Buttler and Taylor with mixes of

total initial CaO/Al203 ratio greater than 1.6

(table 4), the CaO/AljOs ratio in the final solid

phases is plotted against the lime and alumina
concentrations in solution in figure 8. This figure

is comparable to figure 2 of Jones and Roberts.
Data obtained from some series of mixes (21, 22,
and 23) have not been plotted at shorter times
than 99 days. A number show a transition with
time from the hexagonal-plate phase into
CA IOH2O or CA IOH2O plus A-Hs.
Although Buttler and Taylor have not adopted

the procedure of direct analysis of the solid phases,
and their data suggest that the calculated CaO/
AI2O3 ratios may therefore be subject to error,

the results are neverthless of considerable interest.

The first thing to be noted is that there is a clear

break in the equilibria data at a point Y corres-

ponding to a solution concentration of 0.52 g
CaO per liter, 0.07 g AI2O3 per liter. This break
evidently relates to an invariant point for mixtures
of C4A-19H20 and a second hexagonal plate phase.

The corresponding phase at 25 °C has been con-

cluded by Jones and Roberts to be a solid solution

of composition C2.4A-10-2H2O. At 5 °C, the X-ray
data of Buttler and Taylor, obtained only from
solids dried at 34 percent rh at room temperature,

indicate the presence of mixtures of C4A-13H20
and C2A-8H20 in these dried solids as the solution

Table 4. System CaO-AUOs-HjO at 5°C

(Selected data of F. G. Buttler and H. F. W. Taylor)
Equilibria from supersaturation

Mix No." Age

Total composition of initial mix,
gAiter

Composition of filtrate,

g/liter C/A in

solid
(calculated)

Solid phases found in X-ray exami-
nation of solids dried over
saturated CaClj solution at room
temperature

CaO AI2O3 C/A CaO AI2O3

Days
6E. 256 0. 652 0. 960 1.23 0. 243 0.082 0. 85 CAHio
9C 574 .475 .593 1.46 .258 .068 .75 CAHio
C5 (undersaturation) 94 .157 .085 1.05 CAHio

13B 137 .569 .638 1.62 .372 . 155 0.74 C2AH8+CAH10+AH3
13C 574 .569 .638 1.62 .346 . 108 .76 AH3+C4AH13+CAH10
16D 100 .976 1.016 1.75 .394 . 127 1. 19 C2AH8-|-CAH,o-|-AH3
16E .__ 212 .974 1.016 1.74 .397 .124 1.18 Do.
18D _ 99 .744 .768 1.76 .385 .134 1.03 AH3+CAH10+C2AH8

18E.. 212 . 767 .768 1. 79 .392 . 125 1.03 AH3+C2AH8
21B 136 .676 .566 2.17 .346 .176 1. 54 CAH10+C2AH8
21c 577 .676 .666 2. 17 .327 .089 1.33 CAHio
22D 100 1.342 1.016 2.40 .354 .166 2.11 C2AH8-l-CAHio+tr. C4AH13
22E __ 213 1.312 1.016 2. 35 .387 . 128 1.89 CAH10-I-C2AH8

23D _ !)9 1.025 .768 2.43 .374 . 137 1.88 C2AH8+CAHio+tr. C<AHi3
23E 214 1.042 .768 2. 47 .394 . 125 1.83 C2AH8+CA+AH3
28A _ 124 .570 .268 3. 87 .377 .131 2. 56 C2AH8
28B 578 . 570 .268 3. 87 .366 .145 3.02 C2AH8-I-C4AH13
24 20 1.657 .974 3.09 .379 .162 2. 86 C2AH8+C.AHi3

25A 7 1.795 1.016 3. 21 .384 .142 2. 94 Do.
25B 223 1.795 1.016 3. 21 .379 . 147 2. 96 Do.
26 - 36 1.825 0. 974 3. 41 .422 . Ill 2.96 Do.
27- 22 2. 010 .974 3. 75 .478 .081 3.09 Do.
29 36 2.087 .974 3. 90 .502 .077 3. 21 Do.

30 _-- 23 2. 259 .974 4.22 . 512 .074 3. 53 Do.
31A 4 2. 054 . 768 4.86 .515 .076 4.04 C)AHi3-|-C!AH8
31B 13 2. 054 . 768 4. 86 .506 .068 4.02 Do.
31C 214 2. 052 . 768 4. 83 . 503 .077 4. 05 Do.
32A 109 0.853 .208 7. 46 . 535 .059 3. 88 C4AHi3

32B 353 .853 .208 7.46 .532 .059 3. 92 Do.
33A 109 .909 . 183 9. 03 . 589 .034 4.04 Do.
33B _ 567 .909 . 183 9.03 . 585 .035 3. 98 Do.

» For mixes giving final solid phases containing CAHio, only mixes of 99 days or older are included owing to the apparent slowness in attainment of equilib-

rium. In mixes not developing CAHio equilibrium appears to be attained within a very short time and accordingly short period mixes are here included.
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Figure 8. System CaO-AljOs-HaO at 5 °C.

Variation of C/A ratio in solid phase with solution composition. From
supersaturation. Data of F. O. Buttler and H. F. W. Taylor [39].
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concentrations change from that at Y to that at T
(i.e., to 0.38g CaO per liter, 0.13 g AI2O3 per liter).

From the work of Jones and Roberts it is concluded
that the actual C4A-aq. phase present in the corre-

sponding moist solid before drying, and therefore

in the aqueous system, is probably C4A-19H20 (as

at 25 °C) and tliat the CoA-SHsO phase at 5 °C
is a solid solution. We have also to consider the

fact that the C2A-8H20 is unstable with respect

to CA-lOHaO below 22 °C in regions where
C2A-8H20 would otherwise form, though it

appears however to be a possibility that a solid

solution based on the CsA-SHjO and C4A-19H20
structures may still remain a metastable phase
within a range of compositions before suffering

breakdown in the direction

C4A- 19H20^C2A-8H20^CA- 10H2O^A-3H2O.

In figure 8, the extent of the vertical drop YY'
at constant solution composition in the portion
YY' T suggests that a solid solution of composition
Ca.sA-aq. is first formed on decomposition of the
compound C4A-19H20 and that these two phases
at first coexist at the invariant point Y. The
composition Cs.sA-aq. corresponds to 3 moles ol

C4A-aq. and 1 mole of C2A-aq., and one would
therefore expect the X-ray pattern to be domi-
nantly that of C4A-19H20. However, Buttlerand
Taylor's X-ray examinations were made on solids

dried over saturated CaCl2 solution (34 percent
rh) at room temperature, and the result of this

treatment has to be considered. Under these con-
ditions, a solid solution would be expected to de-
hydrate to a- and )8-C4A-13H20 and C2A-8H20
(Buttler and Tavlor did not distinguish between
different forms of C4A-13H20 or C2A-8H20). Fol-
lowing conversion of C4A-19H20 to the solid solu-

tion of maximum CaO/Al203 ratio of 3.5, the CaO/
AI2O3 ratio is indicated in figure 8 to fall gradually
to 3, the solution compositions changing gradually
to another sharp break at T corresponding to

0.38 g CaO per liter, 0.13 g AI2O3 per liter. It

appears reasonable to infer (on this data) that a
solid solution is therefore formed of composition

range C3..r,_3.o A-aq., in equilibrium with solutions
along the curve Y^T (see also fig. 13). At T,
the data (fig. 8) indicate a progressive break-
down in the structure from the solid solution
through C2A-8H20 to CA-lOHjO and eventually
to A-3H20 at a more or less constant solution
composition. The sequence of X-ray patterns
obtained by Buttler and Taylor is limited to
C4A13H2O (derived partly from (^4A19H20 and
partly the solid solution, according to Jones and
Roberts), C2A-8H20, CA IOH2O and A aq. Along
YT the line intensities in the X-ray patterns of the
dried solids indicated that C2A-8H20 increased in
amount with respect to C4A-13H20, while from T,

accompanying the rapid fall in CaO/Al203 ratios
in the solid phase at the approximately constant
solution composition, they indicated conversion to
C2A-8H20, CA IOH2O and A-3H20 respectively in

order. It should be noted that since the C2A-8H20
observed in the X-ray patterns of Buttler and
Taylor obtained on dried solids could be derived
from solid solution by dehydration and decompo-
sition on drying, it is possible that there is direct
breakdown of solid-solution phase to CA-10H2O
and hydrated alumina with no actual intermediate
formation of C2A-8H20, which is unstable at this

temperature.
The above appears to be consistent with the

conclusion that in the aqueous system at 5 °C, the
following sequence of curves and invariant points
occur along the curve A B C D E F obtained by
Buttler and Taylor.

Using the lettering of Jones and Roberts

:

ry=Ca(OH).,
rU=C4Al9H20
rr'= C4A-19H20 and ss C3 5 A aq.

F'r=ss C3.5-3 A-aq.
r= Invariant point ss CsA-aq.—CA IOH2O

J'T"= Metastable or unstable prolongation of ss

curve Y'T.

Although, because of uncertainty in Buttler and
Taylor's calculated data, the actual composition
of the solid solution is somewhat in doubt, it

Table 5. System CaO-AljOs-HjO at 5 °C

(Selected data of F. O. Buttler and H. F. W. Taylor). Equilibria from undersaturation

Composition of Solid phases found in X-ray examina-
Wt. Volume CaO, filtrate, g/liter C/A in tion of solids dried over saturated

Mix No." Age CA- aq. solution g/liter solid (cal- CaCh solution at room tempera-
culated) ture.

CaO AI2O3

days 0 ml
C2 ___ 131 0. 654 393 0 0. 145 0. 091 0.62 CAHio-l-AHb
C3 ISO .818 394 0 .143 .080 .68 Do.
C5 94 .385 441.6 0.124 .157 .085 1.05 CAHio
C7 31 .595 431.7 .224 .247 .064 1.00 CAHio+AH3
C9 50 .486 422.2 .252 .286 .072 .97 Do.

Cll 35 .462 425.7 .440 .438 .062 1.12 CAHio
C12 117 .347 420.2 .440 .430 .062 1.29 CAH10+AH3
C14.. 44 .327 398.7 .874 .604 .030 2. 96 C1AH13+C3AH6+AH3
C15 106 .404 409.2 .874 .565 .043 2. 93 Do.
C16 28 . 157 412.0 1. 174 .994 .002 3. 23 C<AH,3
C17.__ ._. 131 .168 404.6 1. 174 .960 .003 3.48 Do.

« Only mixes with longer periods of contact are included in the above table from Buttler and Taylor's data, since it is assumed that in the presence of CX Hio
and A H3 in the solid phase these relatively long period mixes are more likely to have reached an appropriate metastable (or unstable) equilibrium..
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Figure 9. System CaO-AUOs-HjO at 5 °C.

Suggested metastable and unstable equilibria. Data (from supersatura-

tion and undersaturation) of Buttler and Taylor [39].

would appear on this interpretation that a solu-

bility curve for CA-lOHaO should start from T
and proceed to intersect an unstable hydrated
alumina curve. Such a curve TZ, based on Buttler
and Taylor's data, from both supersaturation and
undersaturation, is drawn in figure 9, which gives
suggested possible metastable and unstable equi-
librium curves.

Selected data obtained by Buttler and Taylor
from undersaturation are given in table 5. They
were obtained by shaking CA-10H2O with water
or lime solutions, and are plotted on figure 10.

This figure includes the curve HC drawn by Butt-
ler and Taylor as the CA IOH2O curve in the
system. The position assigned by Buttler and
Taylor was based mainly on the data obtained
from undersaturation (table 5). The difference

between the position assigned by Buttler and
Taylor for the CA IOH2O curve and that which
seems to be suggested by their data in the present
discussion is difficult to reconcile. Note also that
in figure 8, the position for a CA-lOHaO curve
assigned by Buttler and Taylor would imply a
vertical drop from a point on the curve YV and
an invariant point C4A-19H2O-CA-10H2O. This
hardly fits the data.

It may be relevant to note that the mixes were
not continuously shaken throughout the duration
of the test. The authors considered that continu-
ous shaking for some indeterminate time above a

week, followed by a daily shake (presumably brief

hand shaking in the storage room) was sufficient.

This assumption may not be correct, especially

for the approach from undersaturation. It may
also be noted that many of Buttler and Taylor's

relatively short-period mixes from supersaturation,

starting below an initial CaO/Al203 ratio of 1.5

and falling in many cases to final CaO/Al203 con-

0-5r

CaO. q, per litre

Figure 10. System CaO-AlzOs-HjO at 5 °C.

Selected longer period data from undersaturation in relation to the position for a CA-Hio curve (F. G. Buttler and H. F. W.
Taylor as concluded by them [39])

.
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centrations below those of curve C D E F, had
final CaO/A^Os ratios in the solid phase well be-

low unity. Also they were generally indicated,

from X-ray data, to contain varying amounts of

CA-10H2O and hydrated alumina, the latter gen-

erally increasing as the initial CaO/Al203 ratio

decreased. From undersaturation also, alumina

gel is present in most of the solid phases obtained

by shaking CA IOH2O in water or lime solution.

It seems possible therefore that either unstable

invariant points CAlOHaO-hydrated alumina

may be obtained, the position of which will vary

with the state of the hydrated alumina, or the

latter phase may be dominant, as a protective

layer, in determining the equilibrium solution.

Such a behavior is suggested by the solution

compositions obtained in some experiments at the

Building Research Station (Roberts [15]) in which
monocalcium aluminate solutions were allowed to

precipitate at 1 °C. For a series of 10 mixes, it

was observed that the CaO concentrations were
in the range 0.14 to 0.23 g CaO per hter and the

AI2O3 concentrations in the range 0.1 to 0.24 g
AI2O3 per liter, with a tendency for the latter to

decrease with age. X-ray examination indicated

that only CA-10H2O was precipitated. However,
analysis of the solid phase usually showed CaO/
AI2O3 ratios slightly less than 1 (0.89-1.01) indi-

cating the possible presence of alumina gel.

A further paper relevant to the present discus-

sion has very recently been published by Buttler

and Taylor [42] (1959). This paper deals with

the action of water and lime solutions on anhy-
drous calcium aluminates at 5 °C. It is chiefly

noted here in so far as it considers the hydration

of CA2 and the possibility of a hydrated CA2 aq.

compound. Reference is made to the work of

Cocco [45]. The latter author found that pastes

made from CA2 were slow to set, but after about
a month had a strength at least equal to that of

ones made from CA. He deduced, but without

any X-ray evidence, that a new hydrate CA2-xH20
was formed. Buttler and Taylor found that CA2
with relatively strong lime solutions, reacts at a

rate comparable with that of CA imder similar

conditions (though they point out that in their

experiments the CA2 was more finely ground).

Reaction with water was however very slow and
incomplete. The authors state that "The only

hydrated compounds formed with water at 5 °C
were CAHio and hydrated alumina, no evidence

was obtained for a hydrate of CA2." It seems
most probable that Cocco 's original deduction is

erroneous. It may be worth noting that in

Buttler and Taylcr's paper figure 1 should be
figure 2 and vice versa.

Returning to Percival and Taylor's determina-
tion, from undersaturation, of a curve for CA-
IOH2O at 21 °C [41], it will be seen (fig. 6) that

the position assigned to the curve indicates that

it meets the hexagonal-plate curve to the left of

the position assigned by Jones and Roberts as

most probable from the data of Wells, Clarke,

and McMurdie for an invariant point C4A-19H20-

solid solution at 21 °C; i.e., 0.600 g CaO per liter,

0.100 g AI2O3 per hter. While this position seems
more likely than one in which it meets the hex-
agonal-plate curve to the right of the invariant
point, as assumed by Buttler and Taylor at 5 °C,
with the implied invariant point (on Jones and
Roberts' conclusion) of C4A-19H2O-CA10H2O,
the actual point of intersection at 0.52 g CaO per
liter and 0.14 g AI2O3 per hter (at 21 °C) does not
accord well with the solid solution range of com-
positions which appear most probable at 21 °C.
The remaining investigation of the system

CaO-Al203-H20 in the range 25 °C to 1 °C is

that by Carlson at 1 °C [14]. The general scheme
of the work was again to approach equilibrium
from supersaturation (by mixing calcium alumi-
nate solutions and saturated limewater) and from
undersaturation (by treating various prepared
solid phases with water or lime solutions). The
mixes were stored in polyethylene bottles, with
occasional shaking, in a refrigerator at 1 °C. The
solid phases were usually dried over CaCl2 before
examination, or by washing with alcohol and
ether. It is stated that "With certain precipitates
containing 2 CaO-Al203-8H20 it was found essen-

tial to obtain the X-ray pattern while the material
was still damp, as important phase changes
occurred on drying."

It may be noted here that some confusion and
misinterpretation in identification appears to have
arisen in Carlson's work owing to the nonrecog-
nition at that time of the pattern of C4A-19H20.
This pattern may have been confused with that

of C2A-8H20. Thus Carlson states that precipi-

tates consisting of mixtures of di- and tetra-calcium
aluminate hydrates, after drying over CaCl2,
often gave patterns showing only the lines of

4CaO-Al203.13 H2O. This effect was not revers-

ible, and it was concluded that C2A-8H20 had
undergone decomposition to the tetracalcium
compound and alumina. Accordingly, Carlson
determined the X-ray patterns for such mixtures
in the moist condition. From the work of Jones
and Roberts, however, it appears that the correct

explanation is that Carlson really obtained an
unrecognized C4A-19H20 in several moist mixes,

and mistook this for C2A-8H20, whUe some of the

C4A19H2O decomposed to C4A-13H20 and was
identified as such. Such misidentification may
have, e.g., arisen with mix 8 (11 days and 11 mo)
and mix 9 at 11 daj^s, in Carlson's table 2, and
mixes 9, 10, 11, 12, and 13, in his table 3, all of

which probably do not actually contain C2A-8H20.
Carlson does not attempt to plot CaO/Al203

ratios in solid phases against solution concentra-
tions. This is done however in figure 11, which
is comparable with figui'e 2 of Jones and Roberts'

paper at 25 °C and with figure 8 of the present

paper for Buttler and Tajdor's investigation

at 5 °C. Based on the conclusions developed at

25 °C, the same kind of curves may be drawn.
These appear reasonably to fit the data. It is

assumed that the C4A-13H20 found in the dried

solid is equivalent, as at 25 °C, to C4A-19H20 in
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equilibrium with the aqueous phase, and that the
carboaluminate identified is the result of accidental

carbonation, and has no significant bearing on
results. A suggested interpretation of the data
(table 6), as plotted in figure 11 and figure 12, is

that they are consistent with an invariant point
Y: C^A- 19H20-solid solution "Cz-iA-aq." at a solu-

tion composition CaO=0.50 g per litre, Al203=
0.075 g per liter, a solid solution curve Y'T
("C2.4_2.iA-aq.") with metastable prolongation
TT\ and invariant point T: "solid solution

C2.iA-aq."-CA-10H2O, and a curve T{T")Z for

CA-10H2O. Z is an invariant point CA-10H2O-
A-aq., while the curve OT' in figure 12 is a tenta-

tive position for a "most unstable" hydrated alu-

mina curve. The unstable invariant point T' for

alumina gel and a solid phase along any prolonga-
tion TT' of the curve FT is probably not realizable

in practice.

It will be seen therefore that much of Carlson's
data at 1 °C can be applied to a series of curves
similar to those established at 25 °C by Jones and
Roberts, and in addition indicate a CA-10H2O
curve starting from an invariant point T similar

to that which can be deduced from Buttler and
Taylor's data at 5 °C.

Carlson has drawn his relevant equilibrium
curves to correspond with data obtained from
undersaturation, but because of their apparent
difficulty in reaching a true equilibrium in this

way, owing to the formation of protective films,

the present author prefers to place greater reliance

on data obtained from supersaturation. Ac-
cordingly, the curves of figure 12 are drawn to fit

the latter.

The present author's interpretation places

reliance on the recent detailed work of Jones and

Roberts at 25 °C and what appears to be a reason-
able "extrapolation" to 1 °C, bearing in mind the
similarly interpreted work of Wells, Clarke, and
McMurdie at 21 °C, that of Buttler and Taylor
at 5 °C, and the further additional work of Percival

and Taylor at 21 °C and Jones and Roberts at

25 °C.
Carlson interprets his work as indicating that

tetracalcium aluminate hydrate is stable with
respect to C3A-6H20 at 1 °C and that there are

two curves ACD and FCD (fig. 5) for C^k SR^O
and C4A-13H20 respectively which are practically

coincident with one another along the portion
CD. (Note that the scale of CaO in solution along
the abscissa of Carlson's figure 2 is incorrect

in that it starts at 0.1 instead of zero.)

The present author feels however that the evi-

dence for a curve for C4A-aq. along FC is probably
misleading. It depends on points obtained by
placing water in contact with increasing amounts
of a preparation of C4A-13H20 containing Ca(0H)2.
Thus the final lime concentration varied in the
"equilibrium" solutions by virtue of the fact that
increasing amounts of Ca(0H)2 were added in

with the C4A-13II20 at the start. The small
amount of alumina dissolved can only arise by
decomposition of some of the C4A-aq. and, on the

basis of the present interpretation, possibly some
hydrated alumina. This could form a protective

coating giving therefore the equilibrium for hy-

drated alumina rather than for C4A-aq. With
higher concentrations of lime initially, no forma-

tion of hydrated alumina would occur, and
equilibrium solution concentrations would there-

fore be expected to fall, as they do, along the

curve CD.

Table 6. System CaO-MiOi-YLiO at 1°C

(Selected data of E. T. Carlson)
Equilibria from supersaturation

Mix no.

Total composition of initial mix,
g/liter

CaO AI2O3 C/A

Composition of filtrate,

g/liter

CaO AI2O3

C/A in

solid (cal-

culated)

Solid phases found in X-ray examination
of solids

1

n
2

3
4

12
5

6

7

8

9
10

CA157

CA158

13 mo

7 mo
75 days

13 mo
15 mo

10 mo
9 mo
9 mo
11 mo
11 mo

11 mo
9 mo
11 days (shaker)

11 days (shaker).

0. 833

.970

.879

.925

.970

1.066
1.014
1.058
1.108
1.154

1.191
1.246
1.744

2. 134

1.278

1.310
1.150

.916

.767

.639

.511

.383

.256

. 128

.997

.997

1.18

1.36
1.39

1.64
1.97

2. 12
2. 40
3.01
3.94
5.47

8.45
17.7
3. 18

0.152

.260

.300

.394

.372

.384

.503

.695

.963

.464

.478

0.112

.092

.104

.112

. 120

. 153

.203

.085

. 078

.072

.016

.004

.075

.077

1.06

1.06
1.01

1.07
1.35

1.65
2. 09
2. 21

2.54
3.83

3.76
4. 15

'2. 47

'3. 26

CAHio, probably little A-aq., trace C2A
He.

CAHio
CAHio, trace C2A Hs, trace CsA-CaCOs^
H„.

C2AH8, CAH,o, CsA-CaCOa-Hii
C2AH8, CAHio, CaA-CaCOs-Hu

C2AH8, CAHii
C2AH8, tr. CiA-CaCOs-Hii
C2AH8, CsA-CaCGs-Hii
C2AH8, C4AH13
C4AH13, C2AH8,i= C3A-CaC03-Hii

C4AH13, C3A.CaC03-Hii
C4AH13
Moist solid

Much ai-C2AH8(+trace ai-CiAHis?)
Dried over {NHi)iSOi
Much ai-C2AH8, little a-C4AHi3
Moist solid

Much ai-C4AHi8, little ai-C2AH8
Dried over (NH,)2S0i
Some a-C4AHi3, some /3-C4AH13, some
ai-C2AH8.

» By analysis.
b Probably not C2AH8 but C4AH19.
" Mixes prepared by Jones and Roberts.
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Figure 11. System CaO-AljOs-HaO at 1 °C.

Variation of lime/alumina ratio in solid phase with equilibrium solution composition. From data of E. T. Carlson [14].
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Figure 12. System CaO-AljOs-HoO at 1 °C.

Suggested metastable and unstable equilibria. Data (from supersaturation O and undersaturation 9) of E. T. Carlson [14].



Before proceeding to a general tentative inter-

pretation of the equilibria in this range of tem-
peratures, it is necessary to consider a point of

difference which is apparent from Buttler and
Taylor's data at 5 °C as compared with data at

25 °C, 21 °C, and 1 °C. From figures 2 of Jones
and Roberts and 8 and 11 of this paper it will

be seen that the indicated solid solution composi-
tion range along respective curves YT is 2.4-

2.0 at 25 °C, 3.5-3.0 at 5 °C, and 2.5-2.1 at

1 °C. (Data at 21 °C do not give a satisfactory

indication of composition range.) The reason
for the higher range in Buttler and Taylor's data
is not clear. Although the molar ratios both in

Buttler and Taylor's and in Carlson's investiga-

tions are calculated ratios and subject therefore

to the likelihood of increased error as compared
to the ratios obtained by direct analysis of the

solid phase in the work at 25 °C, the curve Y'T
based on Buttler and Taylor's data appears to

be well defined, whilst Carlson's data at 1 °C,

which fit the curve YY'T as drawn in figure 11,

is supported by two mixes examined in the course

of the work by Jones and Roberts. These were
designed to repeat two of Buttler and Taylor's

mixes (Nos. 25 and 29 of table 3), though at

1 °C, not 5 °C. The monocalcium aluminate
solution used required dilution to give approxi-

mately the same initial AI2O3 concentration as the

solution used by Buttler and Taylor. The relevant

data are* given with Carlson's data in table 6 and
are plotted in figures 11 and 12. It will be seen

that they support the curves drawn through

Carlson's data from supersaturation. Further,

the results of X-ray examination of moist and
dry solids supports the expectation from solution

analyses that the solid phases consist of C4A-19H20
and solid solution in mix CA 158 and solid solution

alone in mix CA 157.

Apart from this difference which calls for further

work with careful direct analysis of solid phases, it

seems possible to suggest tentatively a reasonably
satisfactory picture of compound formation and
equilibria in the system in the range 25 °C to

1 °C.
Relevant curves are given together in figure 13,

the actual curves for hexagonal plate phases
being those of the different authors, but drawn to

include an invariant point Y as concluded by
Jones and Roberts. At 20 °C and below, curves
for CA-lOHjO are drawn as deduced in the

present discussion from a consideration of the

various data.

It appears that at 20 °C or below, the equilibria

include the following curves or invariant points.

OZ:
Z:

ZT:
T:

TY:

YV:
V:

VC:
C:

Unstable alumina gel curve
Unstable invariant point for A-aq.-CA-

IOH2O
Unstable or metastable curve for CA-lOHaO
Unstable or metastable invariant point for

CA-10H2O-solid solution at minimum
CaO/Al20 ratio of its composition range

Metastable solid solution of varying composi-
tion

Metastable invariant point for solid solution

at maximum CaO/Al203 ratio of its

composition range-C4A-19H20
Metastable curve for C4A-19H20
Metastable invariant point C4A-19H20-
Ca(0H)2

Metastable curve for Ca(0H)2
Solubility of Ca(0H)2

0-6

Ca.0. q. per litre

Figure 13. System CaO-Al203-H20 at various temperatures.
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Additionally, there are the stable curves for

gibbsite (7-A-3H20), CaA-GHsO, Ca(0H)2 and
stable invariant points for 7-A-3H20-C3A-6H20
and C3A-6H20-Ca(OH)2.

Solution compositions for the invariant point Y
at the various temperatures investigated appear to

be: 25 °C, 0.630 g and 0.105 g per Hter of CaO
and AI2O3 respectively; 21 °C, 0.600 and 0.100;
5 °C, 0.520 and 0.07; 1 °C, 0.500 and 0.075.
Above about 22 °C, CA-10H2O is no longer

formed in the system, the curve for CA-10H2O
disappears, and the phase in metastable equilib-
rium with hydrated alumina may be C2A-8H20, a
solid solution, or ultimately C4A-19H20, depending
on the condition of the hydrated alumina.

Range 25 °C to 100 °C

The work of Peppier and Wells at 50 °C and
of Wells, Clarke, and McMurdie at 90 °C will be
considered again in the light of Jones and Roberts'
work at 25 °C.
At 50 °C, Peppier and Wells [34] obtained a

hexagonal-plate curve (fig. 14) the position for

which was drawn through "equilibrium" solution
concentrations for a number of 3-day mixes and
for 3 1-hr mixes. As in previous work, an ap-
proach was made to equilibrium from super-
saturation, starting with mixtures of calcium
aluminate solutions and limewater. Final solids,

however, included other, as well as hexagonal
phases. For 3-day periods it was stated that
mixes 1 to 8 of figure 14 contained alumina gel and
hexagonal phases with only a very little

CsA-eHaO. Mixes 9 to 11 after three days
showed no hydrated alumina, and a predominating
amount of C3A-6H20 together with hexagonal
phases. The reason for this behavior may lie in

the composition of the final solid hexagonal
phases which are to be expected prior to conver-
sion to the cubic C3A-6H20. The investigations

at 25 °C suggest that along the more vertical

portion of the curve, precipitation of C2A-8H20 or
solid solution is to be expected, the composition
range of the solid solution at 25 °C being
C2-2.4A-8-lO.2H2O, while above an invariant
point Y for solid solution and C4A-19H20 (if this

exists as such at 50 °C), C4A-19H20 is to be
expected. Actually, some tests at the Building
Research Station have shown that at 50 °C and
still more so at 90 °C, C4A-19H20 originally

formed in mixes at 25 °C is, on raising the tem-
perature to 50 °C or 90 °C, rapidly converted
into C3A-6H20 and Ca(0H)2, although some
C4A-19H20 was still present after 4 hr at 50 °C,
and a trace of C4A -131120 remained after 1 hr or

20 hr at 90 °C. Accordingly, therefore, C3A-6H2O
could only arise by decomposition of C2A-8H2O,
solid solution or C4A-I9H2O. In the first two
cases, this involves liberation of hydrated alumina
to give an invariant point, probably jdelding

a protective film (in contact with the precipitating

and changing hexagonal solid phases) which may
retard the conversion. Where C4A-aq. however

o
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Figure 14. System CaO-AUOa-HjO at 50 °C {Peppier
and Wells [34], 1954).

is the expected final metastable solid phase,
conversion to C3A-6H20 involves only liberation

of lime from the solid, and no protective film is to

be expected. The reason for the absence of

hydrated alumina in mixes 9 to 11 at three days
appears simply to be that we are now concerned
with mixes from which alumina gel is theoretically

not expected to precipitate. So far as the
hexagonal-plate curve is concerned, it appears that
since from mixes 1 to 8 only a little C3A-6H2O
has been precipitated after three days, and the
unstable invariant point curve A-aq.-C2A-8H20
or solid solution is expected to be coincident with
the hexagonal plate curve, the 3-day points for

these mixes may provide an approximation to the
correct position of the latter curve. Owing how-
ever to the more rapid conversion for mixes 9 to

11, shorter periods of contact must be employed.
The one-hr mixes are therefore a compromise
(though note that AI2O3 gel, as well as hexagonal
phases, is also stated to be present), and the curve
drawn by Peppier and Wells is therefore probably
too low to accord with the true position in the
complete absence of C3A-6H2O. An approximate
location for the true position is given in figure 13.

First a position for the expected invariant point Y
is made by a straight line extrapolation of the
similar invariant points suggested at 1 °C, 5 °C,
21 °C, and 25 °C, and a curve similar to that
at 25 °C is then drawn, based on this invariant
point. It will be seen that the curve given by
Peppier and Wells falls somewhat below this.

Owing to the presence of other phases in the
final solids besides hexagonal plates, a plot of

CaO/Al203 ratios in solids against CaO and AI2O3

concentrations of solutions is of little or no value
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Figure 15. System CaO-AlaOs-HzO at 50 °C (Peppier
and Wells [34], 1954).

in throwing light on the equilibria. Peppier and
Wells incidentally discuss the possibility of the

hexagonal phases being stable with respect to the

cubic C3A-6H20 at high lime concentrations. The
discussion of their relevant mixes is however not
clear to the author, and he is of the opinion that

the hexagonal-plate phase at the high lime end
of the curve is a tetracalcium aluminate hydrate
and that this is always metastable with respect to

cubic CsA-GHsO. Finally, Peppier and Wells
quote values of interplanar spacings in the hex-
agonal plate phases obtained by them, as deter-

mined from X-ray diffraction patterns. It must
be borne in mind that, as shown in the work of

Jones and Roberts, spacings are dependent on the
water content to which the various compounds
are dried, and this depends on precise control.

The limited spacings reported by these authors
could very well fall within the range for the struc-

tures of hydrated di- and tetracalcium aluminates
possible, following the drying technique (not

stated) used by Peppier and Wells.

However, the X-ray pattern of the hexagonal
phases at 50 °C given by Peppier and Wells does
not appear to correspond to any of the hydrates of

C4A-aq. or C2A-aq., whether fully hydrated or in

various stages of dehydration, given by Roberts
[11]. It may be noted that, apart from spacings
at5.15 A (strong) and 1.680 A (strong) (CaA-eHaO?)
the spacings quoted are very similar or almost iden-

tical to those of CsA-CaCOs-aq. The authors do
not appear to have obtained the hexagonal-plate
phases alone, free from alumina gel or C3A-6H20.
Thus it seems probable that not only was some
C3A-61120 present in the sample or samples X-
rayed (these are not indicated) but that carbona-
tion has occurred. As previously noted, it has
been pointed out by Carlson [14] that Myers,
Rogers, Stannett, and Szwarc [31] have reported
that polyethylene is somewhat permeable to carbon
dioxide, and Peppier and Wells themselves refer

to leakage of carbon dioxide through rubber stop-
pers.

In the light of the above discussion, there
appears to be no conflict in the data of Peppier and

Wells with the general interpretation of the met-
astable-plate phase equilibria in their paper.

Stable equilibria were also determined by
Peppier and Wells at 50 °C. It is stated that
"although the conversion of the hexagonal phase
to the isometric phase is more rapid at 50 °C than
at 21 °C, it is too slow to try to define the position

of the stable isometric 3CaO-Al203-6H20 curve
from supersaturation". The closest approach to

this curve is shown in their figure 4 (fig. 14 of this

paper) at the end of 117 days. Peppier and Wells
base their curve for C3A-6H20 at 50 °C on data
obtained from undersaturation (as at 21 °C and
90 °C) by shaking C3A-6H20 with lime solution in

polyethylene bottles. Similarly a stable curve for

gibbsite was determined. These authors' con-
clusions as to the positions for the gibbsite,

C3A-6H20, and Ca(0H)2 curves are given in

figure 15.

An investigation of the system at 90 °C had
previously been published by Wells, Clarke, and
McMurdie [22]. They had considered that so far

as metastable hexagonal-plate phases were con-
cerned, these would have too brief an existence to

warrant investigation. However, some work was
done later by Peppier and Wells [34]. They held
a series of mixed calcium aluminate and lime solu-

tions at 90 °C for one hr, before filtration and
analysis. The time taken to raise the tempera-
ture to 90 °C was not stated. The solid phases
contained alumina gel and hexagonal phases to-

gether with larger amounts of C3A-6H20. The
authors state that the curve defined by the solu-

tion data "is considered to represent a metastable
region rather than to define a metastable equilib-

rium. The metastable hexagonal hydrate equi-

librium curve would lie above this curve and to the
right of it". If one compares the position of the
curve after 1 hr at 90 °C with that for the curves
for 50 °C and lower temperatures as drawn in figm-e

13 of the present paper, it will be seen that it falls

even below those for 25 °C or 21 °C. This is

apparently due to a more rapid approach to the

stable equilibrium at 90 °C. The actual position

for a hexagonal plate-phase curve at 90 °C, if it

could be determined at very short periods, must
of course be to the right of and above the curve
for 50 °C in figure 13.

Wells, Clarke, and McMurdie, in their inves-

tigations, did not find it feasible to determine
equilibria at 90 °C by an approach from super-

saturation, in spite of the more rapid approach
noted above, because of persistence of some of

the hexagonal phase. They therefore determined
the stable equilibria by heating, on a steam bath
for 4 to 5 days, mixtiires of lime solutions and
C3A-6H20 or gibbsite at 90 °C. Glass vessels

were used, and some sUica was found in solution

as a result of attack of the glass by lime at this

temperature. How far this or entry of silica into

the C3A-6H20 structure may have had an effect

on the equilibria is uncertain. A further point

which seems uncertain to the present author is

the precise location of the invariant point
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AlaOa-SHzO (gibbsite)-C3A-6H20. Wells, Clarke,

and McMiirdie drew their curve for solubility of

gibbsite through only three points, and appear to

have ignored a group of five points apparently
defining the invariant point. Had these been
considered, and, on their data, the curve been
drawn with a curvature towards the AI2O3 axis, the
position of the invariant point might well have
been placed somewhat higher. However, the
stable curves as concluded by WeUs, Clarke, and
McMurdie are included in figure 16, with some
reservation by the present author as to the cor-

rectness of the precise location of invariant points.

CaO q per [ttre

Figure 16. System CaO-AljOa-HjO at 90 °C.
stable equilibria. (Wells, Clarke, and McMurdie [22], 1943.)

This survey of equilibria in the range 25 °C to

100 °C indicates that the stable phases are still

gibbsite, CaA-OHaO and Ca(0H)2 and that unstable
or metastable phases are still probably forms of

hydrated alxmiina in the alumina gel^gibbsite
range, CaA-SHaO, a Umited solid solution between
the CaA-aq. and C4A-aq. structures, and
CiA-igHaO (or possibly CiA-lSHaO at some higher
temperature than 50 °C).

Range Above 100 °C

The system above 100 °C, involving pressures
above atmospheric, has less interest for hydrated
cement chemistry except in relation to steam
curing, and will only be considered briefly.

From the present point of view, it is of chief

interest for the preparation by Thorvaldson and
coworkers of a calcium aluniinate hydrate of

formula C4A3-3H20 [36]. As previously prepared
by Harris, Schneider, and Thorvaldson [35] the
exact composition was unknown, and the lime/
alumina ratio was simply stated to be probably
lower than 1.5. It was however foimd at 250 °C
and above, when C3A, C3A-6H20, or "hexagonal
CsA-aq." were autoclaved at 250 °C, that rectan-
gular, elongated, prismatic plates of low bire-

fringence and R.I.= 1.627 were formed. The
compound was more precisely defined by Johnson
and Thorvaldson by treating C3A in saturated
steam at 250 °C, and the formula C4A3-3H20 was

assigned, with a density of 2.71 at 20 °C. The
crystals were described as probably orthorhombic.
The water content was determined after drying
over CaO. An older preparation of a C4A3-3H20
compound is mentioned by the authors as that of

Friedel, which may have been the same compound.
According to the work of Thorvaldson and co-

workers also, a new hexagonal anisotropic calcium
almninate hydrate can be formed on autoclaving
the lower calcium aluminates at 105-150 °C [46].

The average refractive index of this new hydrate
was given as 1.58, or later, 1.576 with some grains

of €=1.589, birefringence about 0.013, optically

positive. The composition was not determined.
Spangenberg [47] later considered the behavior of

cement mortars diiring steam hardening at higher
pressures with temperatures in the range
100-200 °C. Referring to the work of Thor-
valdson, this author suggested that the hexagonal-
plate phase possibly had a composition CaA-Hj,
and wrote it as 2(Ca(OH)2-A10(OH)), indicating
a layer lattice in which boehmite layers occur
instead of A1(0H)3. This suggested composition
was based on the fact that hydrargiUite
(=2A1(0H)3) is converted on raising the tem-
perature to boehmite (=2A10(0H)). Spangen-
berg suggests that both the Al(0H)3 layers of

hexagonal hydrated calcium aluminate and iso-

lated A1(0H)6 groups in C3AH6 are imstable above
150 °C and pass into the boehmite layers of

the new hexagonal phase or, above 250 °C,
into C4A3H3. For the latter phase, the lormula
2CaO-3A10(OH) was suggested. There is no space
in this review to offer any detailed discussion of

these suggestions, though the layer lattices appear
to conflict with the views on the structure of

the hexagonal-plate tetracalciimi aluminate hy-
drate recently put forward by Buttler, Dent
Glasser, and Taylor. However, reconsideration of

the structm-al ideas of these various authors would
help to clarify the problem.

Assuming, tentatively, that a high-temperature
form of C2A-aq. does exist, as indicated above,
then there appear to be two high-temperature
calcium aliuninate hydrates, which we may write

as C2A-H3(?) and CA3-H3, the latter appearing at

higher temperatures.
Peppier and Wells [34] have carried out work

at 120°, 150°, 200°, and 250 °C, using stainless-

steel pressine vessels. Representation of equilibria

was as commonly used for low temperatures. It

is possible here only to summarize their main
conclusions.

At 120 °C, gibbsite was again the stable h}^-

drated alumina phase, with a straight-line solu-

bUitj^ curve, congruently soluble in limewater up
to an invariant point with C3A-6H20. The
equilibrium curve for C3A-6H20 (also a straight

line) was determined up to the invariant point
with Ca(0H)2.
At 150 °C, boehmite (A1203-H20) was now the

stable phase. Transformation of gibbsite to

boehmite was very slow and it was found possible

to determine a metastable curve for gibbsite.
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At 200 °C there was rapid conversion of gibbsite

to boehmite. Attack on the bomb was stated to

be very severe, while the bomb absorbed hme
from solution. Only approximate positions for

solubility curves could be assigned. When C4A3-H3
was added to saturated limewater at 200 °C,
C3A-6H20 and boehmite were found as final

phases; C3A-6H20 was unchanged. In tests to

locate the transition temperature C3A-6H20->
C4A3-H3 in the range 200-250 °C, microscopically

detectable amounts of CtAs-Hs were first found
between 210 and 220 °C. At times, however,
C3A-6H20 persisted up to 250 °C below times of

4 days.

At 250 °C, CsA-eHjO was quantitatively con-
verted to C4A3-H3 at initial lime concentrations
from 0.1 g per liter up to saturation. Lime
solubility at 250 °C is actually given by the
authors as approximately 0.02-0.03 g per liter

(their solubility curve for Ca(0H)2 at various
temperatures).

Other work by Majumdar and Roy [37] lay in

a range 100 °C to 1,000 °C, involving extremely
high pressures. Results could be expressed as a
series of compatibility triangles within triangular

coordinates. There is no space to discuss this

work in detail, but again it was concluded that
only three stable hydrated phases are formed in

the system, namely Ca(0H)2, 3CaO Al203-6H20
and 4CaO-3Al203-3H20.

It may be noted here that Peppier and Wells
have drawn a series of curves at different tem-
peratures showing stable equilibria throughout
the range they examined, somewhat parallel to

those shown for metastable equilibria in figure 13.

Table 7. Hydra

(b) Compounds or Solid Solutions

The various hydrated compounds which can be
formed in the system CaO-Al203-H20 have been
discussed fairly fully in the preceding, both in the
light of phase-rule equilibria studies and of

structural considerations. It is concluded that
compound or solid-solution formation within the
ternary system is restricted to those given in

table 7. It should be particularly noted that
(a) It is concluded that no metastable hex-

agonal-plate tricalcium aluminate hydrate exists,

while the existence of a needle-form C3A-18H20
is doubtful.

(b) The only mutual solid solution amongst the
calcium aluminate hydrates appears to be between
C4A-19II20 and CsA-SHsO. It is suggested that
the solid solution may be derived from C2A-8H20
by loss of AI2O3 and replacement by H2O
(Al(OH)3=3H20 or Al^+ replaced by 3H+) up to

one-sixth of the A content, following which the
C4A-19H20 structure is formed.

(c) A compound CA-10H2O is formed only
below about 22 °C. Above this temperature, the
metastable structure formed is that of C2A-8H20.

(d) Although C2A-8H20 or its solid solution
with C4A-19H20 is formed above 22 °C, it is

metastable with respect to C3A-6H20.
(e) A possible lower hydrate of dicalcium

aluminate of formula C2A-3H20 may be formed
above about 100 °C, in which Al is linked with
O and OH as in the boehmite structure.

(f) CsA-eHjO is fundamentally stable up to
over 215 °C.

(g) C4A3-3H20 is formed at over 215 °C.

calcium aluminates

(a) Aqueous equilibria up to 100 °C

ai-C4A-19H20 "

i
a2-C4A19H20 »

Solid solution Cz-z.i A-8-10.2H2O
IS-C2A-8H20

i
ai-CzA-SHjO -

4-

a2-C2A-8H20

Unstable or "disordered" layer structure. Formed from supersaturation and converts to a2-C(A-19H20

Layer structure, satisfactorily indexed on hexagonal unit cell: a=5.77 A, c=21.37 A.

A new form of C2A-8H20 formed from supersaturation as an unstable or "disordered" layer structure which converts to

ai= C2A-8H20.
The previously known C2A-8H20. Unstable, when passed through a dehydration and rehydration cycle, with respect

to a new a2=C2A-8H20.
Not so far found in the aqueous equilibria but may be formed after long periods. Most stable structure of the three
C2A-8H20 structures, and one which can be satisfactorily indexed on a hexagonal unit cell; a=5.80 A, c=21.59 A.

It is concluded that no hexagonal tricalcium aluminate hydrate C3A-12H20 exists. A form C3A-18H20 which has occasionally been reported as occurring
in long needles may possibly have a fleeting existence.

CA-10H2O- Formed below 22 °C, above which C2A-8H20 is formed. 22 °C is a transition temperature for the change 2 CA10H2O<=i
C2A-8H20+A-aq. Hexagonal(?) crystal structure. Brocard's work suggests may have a=9.45A(?), c=14.6 A(?)

.

The only stable phase. Cubic crystal structure a=12.56— 12.59 A.C3A-6H20

(b) At high temperatures OlOO °C) and pressures

C2A-3H20 ? Formed at 105-150 °C (Thorvaldson). Spangenberg suggested the composition C2AH3 with a layer lattice structure in

which Al is linked with O and OH as in the boehmite structure.
Formed only at high temperatures (over 215 °C) and pressures. Not relevant therefore in cement-water system up to

100 °C. Probably orthorhombic (Johnson and Thorvaldson).
C4A3-3H20

(c) After dehydration

Various. Not relevant to aqueous system, but their study may throw light on structure of the fuUy hydrated compounds and on behavior of cement pastes
mortars, and concrete on drying.

« Observed only up to 50 °C.
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When consideration of hydrated aluminates is

extended to the effect of gypsum, added as re-

tarder, or calcium chloride, added to accelerate

hardening, structures based on the metastable
lattice (1) or (2) may be obtained, depending on
the nature and amount of the additional anions
present, and the temperature. The present posi-

tion is summarized in table 8.

So far as appears to be known at present, no
substitution in the stable cubic lattice by such
ions as SOl~, Cl~, etc., appears to be possible.

Thus when a metastable structure such as the
low form of chloro- or sulfoaluminate reverts to a
cubic C3A-6H20 lattice, chloride or sulfate should
be freed. This release may be important; e.g., in

considering the effect of calcium chloride addi-

tions to concrete on possible corrosion of reinforce-

ment. Thus calcium chloride originally taken up
into a solid solution and so originally removed as

a factor in possible corrosion may, if a stable

cubic lattice structure is subsequently formed, be
freed again.

Table 8. Hydrated calcium sulfa- and chloroaluminates and ferrites

Sulfoalumlnates Sulfoferrites

C3A-3CaS04-32H20

Hexagonal needles. Slight birefringence. Uniaxial negative, w=1.464, e=1.458-

C3A-CaSOi-12HjO

"Hexagonal" plates, uniaxial negative. ai=1.604, «=1.488

C3F.3CaS04-32H20

"Hexagonal" needles: Slight birefringence.
Mean R.I= 1.49.

Uniaxial positive?, «= 1.486, e= 1.490

C3F.CaS0i-12H20

Uniaxial negative, u=lMi, £=1.539.

Solid solution—C3A(F)-3 CaS04-32H20 in limited degree (up to HA and approx). May be more extensive.
Solid solution—C3A(F)-CaS04-12H20. Little evidence in literature for such a solid solution, but it appears likely, and one typical solid solution of this general

composition with A/F=2 has been prepared at Building Research Station with a)= 1.520, e = 1.505.

Chloroaluminates Chloroferrites

C3A.3CaCl2-30H2O

Formed preferentially below 0 °C by hydration of C3A In 23% CaCh solution.

C3A.CaCl2-10H2O

Hexagonal plates a>=1.550, e= 1.535. Uniaxial negative.

C3F.3CaCl2xH20

Existence not yet established.

C3F-CaCl2lOH20

Biaxial negative, o=1.600, v=1.605

Solid solution—C3A(F)-3CaCl2.aq. Presumably possible, but no evidence.
SoUd solution—C3A(F) CaCl2-10H2O. Stated to be obtained, but no details.

(c) Hydration of Anhydrous Compounds

A good deal of work has been done in the past
on the behavior of various anhydrous aluminates
when treated with water in various ways. It is

however not proposed to examine this older work
in detail. Space does not permit more than a brief

reference, nor indeed does it appear for this system,
where so much work has been done in phase-rule
studies, to be essential to the present piu-pose.

It is thought that the more recent knowledge of

phase-rule equilibria will contribute to an under-

standing of many of the results described in the

older literature. The position is reversed in

considering the system CaO-Fe203-H20, where

little has been possible as yet on a phase-rule ap-

proach, and results obtained on treating anhydrous

iron compounds with water, or lime, etc., solutions

are correspondingly more important.

The System CaO-FeiOj-HjO

(a) Introduction and Review of Phase-Rule
Equilibria Possibilities

Malquori and Caruso [48] pointed out in 1938
the limited knowledge available of the system
CaO-Fe203-H20 or related quaternary systems
with calcium salts, and in this and later papers
[49-52] described the preparation of such com-
pounds as hexagonal CiF-HHjO (after Hoffmann)
cubic CsF-eHjO, hexagonal CaF CaSOi-lOHjO,
and C3F-CaCl2-10H2O and their solid solutions
and also partial replacement of Al by Fe in
C3A-3CaS04-31-33H20.

It has been independently suggested by Jones

[27] in 1945 that for this and related systems,

equilibria somewhat similar to those found for

AI2O3 may exist, though the possibilities of com-
pound and solid-solution formation (of the type
found in the CaO-Al203-H20 system) may be

much more limited. This suggestion has received

support from Steinour [32]. Very little work has
been done on this system, partly owing to the

need for further clarification of the more impor-

tant CaO-Al203-H20 system and partly owing to

the practical difficulties involved. Yet there

seems little doubt that the variety of hydrated
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compounds containing iron, analogous to corre-

sponding alumina compounds, and which can be
formed in cement hydration, demands sooner or
later a radical study of this system and of more
complex quaternary and quinary systems in-

volving additionally sulfate, chloride, and alkali

(NasO and KsO).
The main difficulty in studying the ternary

system is the fact that an approach to equilibrium
is difficult from supersaturation since no meta-
stable calcium ferrite solutions are formed analo-
gous to the metastable calcium aluminate solu-

tions. However, it may be possible in the way
adopted by Schippa [9] (1958) in his study of

calcium sulfoferrite hydrates, using a ferric

hydroxide sol prepared from ferric sulfate.

Further, the solubilities of corresponding or

related iron compounds appear to be very much
less, only extremely small amounts of iron being
found in solution. However, hydration of cement
involves not only the intermediate formation of

metastable supersaturated solutions of calcium
aluminates from which metastable and ultimately
stable solid phases may be formed in an approach
to equilibrium, but also a hydration process in

which substantially no intermediate metastable

C4F-14H20.

CjF-aq....
CF-aq
CsF-GHzO.

It appears therefore that we may expect stable
equilibria in the system CaO-Fe203-H20 involving
solubility curves for Ca(0H)2, "CsF-GHsO" (which
may contain Si02), and hydrated ferric oxide with
corresponding invariant points. We may expect
solubiHties of both "CsF-eHsO" and hydrated
ferric oxide to be much lower than for the cor-

responding alumina phases, but there appear
to be no data available from which a precise

supersaturated solution is formed. The latter

appears to be the case with the iron-containing
compounds of portland cement, so far as the iron
component is concerned. The reason for non-
formation of a metastable supersaturated calcium
ferrite solution cannot be clearly stated. That it

is connected with the difference in properties of

the Al and Fe atoms is obvious. It may perhaps
be sufficient to say that this difference involves a
very high instabilitjr of a postulated calcium
ferrite solution or (saying the same thing in another
way) that the hydrated calcium ferrites are very
much less soluble than even the calcium alumi-
nates. For a study of the system CaO-Fe203-
H2O it appears that it is necessary in the first

place to rely on an approach from undersatura-
tion and on analogy with the compounds formed
in the system CaO-AlaOs-HjO and other more
complex systems.
A cubic 3CaO-Fe203-6H20 (the precipitate was

stated to contain some "calcium silicate") was
prepared originally by Eiger [53] (1937). It is

isomorphous with cubic 3CaO-Al203-6H20. Physi-
cal properties are given in table 9. At about
400 °C the hydrate loses 4.5H2O, showing similar
behavior to that of the corresponding aluminate.

diagram may be constructed. However, a theo-
retical scheme is given in figure 17, based on
analogous equilibria in the CaO-Al203-H20 system.
No trihydrates of ferric oxide similar to A1203-3H20
appear to exist, and the stable ferric-oxide hydrate
would seem to be either a-Fe203-H20 (goethite)

with a crystal structure similar to that of naturally
occurring a-Al203-H20 (diaspore), or 7-Fe203-H20
(lepidocrocite) with a crystal structure similar

Table 9. Hydrated calcium ferrites

Hexagonal plate hydrated calcium ferrite analogous to C4A-13H20.
No satisfactory evidence that this exists without some Si or 01 or both in the structure.
Apparently lattice similar to C4A-13H20. m= 1.59 A (Malquori & Cirilli [52] 1943).
Feitknecht [62] (1942) proposed hexagonal or pseudo hexagonal parameters a =3.42, c=8.0 A, compared with (Feitknecht
and Gerber [63] 1942) a=3.36, c=7.9 A for the corresponding C4A-13H20.

No satisfactory evidence for the existence of a hexagonal layer structure corresponding to C2A-8H20.
No satisfactory evidence for the existence of a structure corresponding to CA-10H2O.
May be formed as a pure phase, but difficult to prepare free from contamination with other phases, possibly due to
formation of protective flhns, or to carbonation. Also, a pure C3F-6H20 may be an unstable structure with respect
to a soUd solution containing, e.g., Al or Si or both. n= 1.72. Cubic cell, a=12.76 A

0-05-
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0! 02 Oi O-l- 0-5 0-£ 0-7 0-6 0-9 I-

CaO. q. per litre

1-2 1-5

Figure 17. Tentative approach to representation of system CaO-Fe203-H20 at room tem-
perature, 26 °C.

230



to that of T-AlzOg-HzO (boehmite). (An interest-

ing point is that Hoffmann [54] states that
7-Fe203 H20 easily changes to a-Fe203 H20 on
crushing in an agate mortar.)

Besides the C3F-6H20 compound which now
appears to be established as the "stable" analog
of C3A-6H20, a hexagonal-plate tetracalcium
ferrite hydrate is also formed. Following Pelouze
[55] (1851), Hoffmann [54] (1935) prepared a
hydrate which was assigned the formula
4CaO-Fe203-14H20. This was also prepared by
Malquori and Cirilli [49] (1940), who got a similar
X-ray pattern. Hoffmann had also claimed the
existence of a 4CaO Fe203-7H20 hydrate said to

be formed at 50-60 °C, but Malquori and Cirilli

did not confirm this, saying that the latter was
really the cubic C3F-6H20 compound.

Eiger has stated that C3F -61120 is not stable
below a lime concentration of 0.25 g CaO per
liter, but then changes to a dicalcium ferrite

hydrate 2CaO Fe203-5H20, of orange color, which
is stable down to a concentration of 0.15 g CaO
per liter. This compound was stated to be
further hydrolyzed to give "Fe203-3H20".

Bogue and Lerch [56] and Yamauchi [57] have
also considered that a hydrated dicalcium ferrite

is formed, while the former authors also cite the
possible formation of an amorphous hydrated
monocalcium ferrite. The evidence for hydrated
di- and monocalcium ferrites is however indecisive,

as discussed later. If formed, it is possible that
they are similar in structure to the hexagonal
di- and monocalcium aluminates.

Brocard [19] (1948) concluded that in hydration
of C4AF with water at 15 °C there is first produced
(besides hydrated hexagonal dicalcium aluminate
hydrate and cubic C3A-6H20) an iron-containing
amorphous gel which gradually decomposes into
Fe203 and lime. At 50-100 °C, cubic C3A-6H20
was stated to be formed, together with a gel and
Fe203. Malquori and Cirilli [52] (1943) found
that by hydration of C.iAF in saturated lime
solution at 0 °C, a solid solution of C4A-aq. and
C4F-aq. with an Al203/Fe203 molar ratio of one
is formed. At room temperature, the same phase
appeared to have formed first and then to convert
to a solid solution C3A-6H20-C3F-6H20.

Keturning to figure 17, the schematic tentative
indication of stable equilibria is based on cor-

responding equilibria in the CaO-Al203-H20
system. The solubility of lime at 25 °C is given
at point C, while on the basis of a statement by
Eiger, a possible invariant point for "C3F-6H20"
with, it is thought, a- or 7-Fe203-H20 rather than
a compound C2F-5H20 is indicated at Z. The
Fe203 concentration at Z is indicated quite
arbitrarily (for want of a precise value) as half
that for the C3A-6H20-A-3H20 (gibbsite) invariant
point at 25 °C. Eiger's statement of decomposi-
tion of C3F-6H20 at 0.25 g CaO per liter to give a
C2F-5H20 compound, stable down to 0.15 g
CaO per liter, is not supported by experimental
detail. No statement is made as to crystal
structm-e of the supposed C2F-5H20 compound.

If, by analogy, it was a hexagonal-plate phase,

it appears more probable that it forms part of

metastable equilibria linked with a hexagonal
"C4F14H2O" curve. On the whole, and on
present inadequate evidence, it appears preferable

to reject this supposed compound C2F-5H20 as

part of the stable equilibria. It may however
form part of metastable equilibria analogous to the

C2-2.4A-8-10.2H2O-^C4A-19H2O equilibria of the
corresponding CaO-Al203-H20 system. In the
light of this discussion, the establishment of the

stable equilibria from undersaturation would
seem to be reasonably practicable. No one so

far appears, however, to have undertaken it, or

if so, has been able to carry it to completion.
At present, also, work designed to clear up the

existence and solubility relations and transforma-
tions of possible metastable hexagonal-plate phases
in the system appears to be making very slow
progress.

However, the preparation of a C4F hydrate by
Hoffmann indicates that we should expect a curve
starting from a "C4F-aq."-Ca(OH)2 invariant point

denoted by V in figure 17, at a lime concentration
near the saturation concentration of lime. Theo-
retically, following a similar cm"ve for C4A-19H20
in the CaO-Al203-H20 system a curvefor "C4F-aq."
should proceed from this invariant point in the

direction of lower lime and higher ferric oxide
concentrations. This line presumably rnay ter-

minate in an invariant point for a C4F-aq.-C<4F-aq.
structure.

To proceed with a study of the system
CaO-Fe203-H20 from undersaturation it is first

desirable to consider the preparation of C3F-6H20
or C4F-aq., or if it exists, a C2F-aq. in the pure
state. It is to a consideration of this that we
must now turn.

(b) Compounds or Solid Solutions

1. Cubic CzFSH^O or solid solutions. As stated,

C3F-6H20 was originally prepared by Eiger [53].

The method was to place a quantity of "colloidal

iron hydrate" in a large volume of supersaturated
lime solution at room temperature and shake sev-

eral times a day. A clear brown deposit formed
which in the course of some days showed a silky

appearance similar to that of the aluminate ob-

served by Hoffmann. At the end of 6 weeks, the

residue, now become white, was separated b.y fil-

tration and dried, first over calcium chloride and
then at 100 °C. Eiger reports that it contained
some calcium sUicate "owing to the action of lime

on the glass". After correcting for the silica (how
is not stated, but it is here assumed that it was con-
sidered to be present as a second phase CS-aq.), the
composition was stated to be 3.0lCaO-Fe2O3-6H2O.
Optical examination of Eiger's preparation by Lea
and Bessey (see ref. [53]) showed that it consisted

of cubes of R.I.= 1.710, and bii'efringent hexag-
onal plates of indexes 1.61-1.66. There is little

doubt, in the light of further experience, that the

first result of interaction was to produce a C4F-aq.

231



hydrate as a hexagonal plate phase, giving the

sUky appearance noted, followed later by its par-

tial transformation to cubic CsF-GHjO. This
transformation was evidently not entirely com-
plete. Fm-thermore, later work by others indi-

cates that silica can enter the crystal structure of

C3F-6H20 and may therefore not have been pres-

ent as a separate CS-aq. phase, but as part of the

lattice structure of C3F-6H20 and possibly C4F-aq.

Malquori and CiriUi [49] (1940) reported prepa-

ration (apparently in glass vessels) by precipitat-

ing a mixed solution of CaCl2 and FeCls in the

molar proportions of 3 to 1, by sodium hydroxide.

The precipitate was left in contact with the mark-
edly alkaline mother-liquor for about a month at

50-60 °C, when it was observed that the prepara-

tion appeared to consist entirely of octahedral

crystals of R.I. very nearly 1.72. The water re-

tained after drying in vacuo over CaCl2 or P2O5
corresponded to 6H2O. X-ray examination showed
a pattern similar to that of C3A-6H20, while the

dehydration curves of the two hydrates were also

similar. No examination appears to have been
made for Si02.

Flint, McMurdie, and Wells [30] (1941) included

tests in which mixtures of dUute acidified iron and
aluminum chloride were added very slowly to a

large volume of boiling lime solution in a glass

flask. The resultant crystals were filtered at room
temperature, washed with alcohol and ether, and
dried over CaCl2. It was found that they con-

sisted of a series of solid solutions between
C3A-6H20 and C3F-6H20 and they all contained

Si02 (usually about 5 to 6 percent). Attempts
were made to avoid Si02, using copper and iron

vessels and a sUver-lined glass flask. In these ex-

periments, however, the products were all badly
contaminated with hydrous iron oxide. It was
concluded that Si02 helps to stabilize the calcium
aluminoferrite hydrates.

Burdese and Gallo [58] (1952) reported a "simi-

lar" method of preparation, though actually the

details were not identical. Thus it is stated that

ferric chloride solution in amount sufficient to

produce 4 g of C3F-6H20 was slowly added to 6

liters of a saturated lime solution. The solution,

contained in a "Pyrex" glass vessel, was kept at

80 °C for 3 to 4 days, and the precipitate then
filtered off, washed with alcohol and ether, and
dried over CaCl2. Analysis showed the presence

of Si02, though this was considerably less than
found by Flint, McMurdie, and Wells, 0.1-0.15

mole instead of 0.4-0.5 mole. Similar prepara-

tions, using a platinum vessel of 2 liters capacity
(to yield about one gram CsF-GHaO), gave prep-
arations near the theoretical composition, with
no Si02. From these authors' experiments there-

fore it appears to be practicable to obtain a
C3F-61120 free from Si02, with refractive index
1.74. They do not however report any examina-
tion for chloride.

The reason why Burdese and Gallo were able

to get the cubic compound pure and free from
Si02 is not at first sight clear. Thus it might

perhaps lie in the different temperatures used and
the difference in the mechanisms involved. These
are actually quite distinct. Flint, McMurdie,
and Wells used boiling saturated lime solution,

the concentration of lime therefore being 0.53 g
CaO per liter, and the temperature 100 °C,
whUe the dropwise addition of ferric chloride
solution (or mixed ferric and aluminum chlorides)

means that the temperature is maintained at
100 °C, and the product or products expected are
those in stable equilibrium at 100 °C. These
could well be therefore, as found, a mixture of

ferric hydroxide and C3F-6H20 at 100 °C. In
Burdese and Gallo 's preparation, the two solutions
were first mixed cold. This procedure results in

the formation of a hexagonal-plate phase which
may be C3F-CaCl2-10H2O or a solid solution of

this with C3F-Ca(OH)2-aq. The temperature
was then raised to 80 °C, at which the lime solu-

bility is 0.68 g CaO per liter. It might thus be
that at 80 °C, C3F-6H20 produced by decomposi-
tion of the C3F-CaCl2-10H2O or solid solution is

congruently soluble in the solution formed.
Flint, McMurdie, and Wells had in fact reported

that when ferric chloride solution is added to

limewater at room temperature, the compound
C3F-CaCl2-101120 is formed, and that, at room
temperature, this changes slowly to C3F-6II20.
Thus a sample kept at room temperature in

contact with the solution was 50 percent changed
and contained 0.83 percent Si02. Another prep-
aration of chloroferrite with negligible silica

(since it was filtered shortly after precipitation)

was placed at 60 °C in contact with a lime solution

containing 0.626 g CaO per liter (saturation

concentration= 0.84 g CaO per liter at 60 °C),

with frequent shaking. After two weeks it was
stated to have completely transformed to the iso-

metric C3F-6H2O, which however now contained
6.85 percent Si02 taken up from the glass container.

There is of course a close parallelism between
Eiger's mixture of colloidal iron hydrate and lime
solution at room temperature yielding hexagonal
CjF hydrate initially, followed by transformation
to C3F-6H2O hydrate, and Flint, McMurdie, and
Wells' mixtures of ferric chloride and lime solution,

also at room temperature, yielding hexagonal
C3F-CaCl2-10H2O followed by change to C3F-6H2O.
There is, for example, clearly an initial formation
of the appropriate metastable hexagonal-plate

structure, followed by transformation to the stable

C3F-6H2O. There is also a further parallelism

to be drawn between the CaO-Fe203-H20 and
CaO-Al203-H20 systems. In the latter, from
metastable calcium aluminate solutions plus lime

(cf., colloidal iron hydroxide plus lime), the meta-
stable C4A-aq. hexagonal-plate phase is precipi-

tated at higher lime concentration and slowly
transforms to C3A-6H2O.
Attempts have been made at the BuHding

Research Station (M. H. Roberts [15]) using

polyethylene vessels to obtain pure C3F-6H2O
free from contamination with other material, so

far without success, though it appears that in some
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cases the C3F-6H20 found in the admixtures
produced is in itself a pure phase.

Only a brief indication of some of the tests

made can be given here. Addition of ferric

chloride solution, dropwise with continuous stir-

ing, to saturated lime solution at 90 °C and at

50 °C produced brown material. At 50 °C some
isotropic grains were found with R.I.= 1.71.

Modification of conditions by adding at room
temperature, then heating at 50 °C, or by shaking
cold for 2 days until white, and then heating at

60 °C, merely gave brown material in which no
cubic grains could be detected, in one case up to

4 months.
Attempts were made to convert calcium chloro-

ferrite to CaF-GHaO. In lime solutions at 60 °C,

only a deep red-brown solid phase was obtained.
In N NaOH solution, however, at 60 °C, the solid

was cream-colored after 3 days, and microscopic
examination showed some cubic grains. After

5 months the mix was filtered. X-ray examina-
tion of the solid after washing with alcohol and
ether and drying at 81 percent R.H. indicated

the presence of much C3F-6H20 and much
C4F-aq.—or more probably CiF-aq.-CsF-CaCla-aq.
solid solution, plus a little Ca(0II)2. The
CgF-eHzO pattern gave a= 12.76 A ±.01 A, indi-

cating a pure C3F-61120.

Somewhat similar tests in stainless steel tubes
at 50 °C and 90 °C have given either, at 50 °C,

some conversion of calcium chloroferrite to

CsF-GHaO or, at 90 °C, a brown phase indicating

further decomposition with production of ferric

oxide. The presence of CsF-GHaO was indicated

by X-ray examination of moist solids. Visual

comparison indicated identity of the patterns

with that referred to above.
These results and those of Burdese and Gallo

are at first sight rather contradictory, and it is

not known clearly as yet why in Bm-dese and
Gallo 's work, a chloroferrite precipitate held with
its mother-liquor at 80 °C should transform to

C3F-6H20, while in the above work a similar

precipitate held with its mother-liquor at 60 °C
should decompose. Clearly work is required in

particular on the system CaO-Fe203-CaCl2-H20
to try and solve this problem, while the possibility

of sufficient carbon dioxide penetration through
the walls of polyethylene vessels to cause decom-
position also needs fm-ther examination.

Flint, McMurdie, and Wells have however
apparently already found that a pure CsF-GHaO
structure may sometimes be obtained in the pres-

ence of other phases. Thus sample 10 of their

table 10, in their series of precipitated solid

solutions was prepared in a vessel of dense un-
glazed porcelain. No alumina appeared to be

present, though it was not apparently analyzed
for, so that apart from SiOa (and possibly alumina)
taken up from the porcelain, only calcium ferrite

hydrate was expected. The preparation actually
contained 6.34 percent Si02. It was stated how-
ever to show "considerable contamination by
fine-grained material of low birefringence, which
may have been calcium silicate." Excess lime
was present, since the molar ratio in the whole
product was calculated to be 3.54CaO0.52
SiOa- Fe2O3-6.0lH2O. It was concluded possible
therefore that the silica was combined with the
excess lime and that the C3F-6H20 was free from
Si02. This conclusion received confirmation from
the fact that the X-ray pattern indicated a cell

size of 12.74 A, equal to that deduced by McMurdie
in his discussion of the X-ray data obtained by
him on the garnet-hydrogarnet series.

Thus it appears that a pure C3F-6H20 may some-
times be realized, though the precise conditions
are not clearly known, and the structure seems to

be unstable.

However it is also evident that the presence of

silica in the structure of CsF-eHaO will stabilize it.

Flint, McMurdie, and Wells concluded, in fact,

that solid solutions could be formed between
C3A-6H20, C3F.6H20, C3A-3Si02, and C3F-3Si02,

each being capable of forming complete mixed
crystals with the other three, Fe203 and AI2O3
(Fe^+ and AP+) being mutually replaceable, while
one part of SiOa substitutes for two parts of H2O
(1 Si*"*" for 4 H"*"). They were unable to obtain
C3F-6II20 free from Si02 except exceptionally, and
concluded that C3F-6H20 or the almninoferrite

hydrates are unstable in the absence of a certain

amount of SiOa in solid solution. This conclusion

to a limited degree contradicts the statement of

complete miscibility between each member of the
solid solution series including C3A-6H20 and
C3F-6H20.
Zur Strassen [20] (1958) has recently discussed

work on the garnet-hydrogarnet series, including
investigations by Dorr, Zeeh, and Schmitt. He
concludes that a pm-e C3F-6H20 does not exist,

and that there is not complete miscibility between
C3A-6H20 and CjF-eHsO. In other words, it is

not possible to replace Al wholly by Fe. A point
is reached when the structure becomes unstable.

Figure 18 shows a garnet-hydrogarnet soUd-
solution identification chart as given by zm-
Strassen. This was prepared on the basis of a
repetition, to some extent, of the work of Flint,

McMurdie, and Wells. The figure shows the

mixed crystal system with the positions of pre-

pared mixes plotted therein. The entire field

could not be covered owing to various ex-perimental

difficulties. From the data obtained, a series of

Table 10. Solid solutions of calcium alvminates and ferrites

CaA-eHjO-CsA-aSiOz 1

C3F-6H20-C3F-3SiO! J

CiA-aq— C4F-aq
C3A-6H20-C3F.6H20...

The garnet-hydrogarnet series. See also figure 18.

No definite evidence as yet that a pure C4F-aq. structure exists.

Doubtful if can be formed stably entirely free from silica, at least at iron-rich end.
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Figure 18. The garnet-hydrogarjiet solid solutions.

(Identification chart—H. zur Strassen [20], 1958.) (Used by permission,
Zement-Kalk-Gips.)

curves for constant cell dimensions, 11.90 A to

12.70 A, were drawn as the content of AI2O3 and
Fe203, Si02 and H2O, varied. A second value,

necessary to determine the position of a solid

solution in the series was based on the finding that

the 220 reflection shows marked differences in

intensity in relation to composition, whereas other

reflections such as 611 are almost independent of

composition. Thus the intensity ratio 220/611
can be used with the cell size to determine compo-
sition. Intensity-ratio curves from 0.1 to 1.1 are

also plotted in the figure. It will be seen that

according to the diagram a pure C3F-6H20 should
have 0= 12.76 A, intensity ratio= 1.2. The
Building Research Station preparation of

C3F-6H20 (Roberts) obtained from hexagonal
chloroferrite in N NaOH solution at 60 °C had
a= 12.76 A, intensity ratio 1.3. It appears, there-

fore, that a pure C3F-6H20 can be obtained,
although unstable. A high 0H~ concentration in

solution may assist in preventing breakdown.
(Note that the ratio 1.3 was obtained [15] from
measurements of intensities on a powder pattern
obtained with an 18-cm-diam cylindrical camera.
With a focusing camera the value obtained was
1.7. The discrepancy between these values and
that given by zur Strassen (1.2) is probably due to

differences in experimental technique.)
2. Hexagonal CiF-lJi-HiO or Solid Solutions.

As previously stated, Hoffmann claimed to have
prepared a hydrate to which he assigned the
formula "4CaO-Fe203-14H20". The method used
was to add a mixed solution of calcium chloride

and ferric chloride in the molar ratio CaO/Fe203= 5

to a large volume of sodium hydroxide solution.

Amounts were arranged so as to leave an N/4:

NaOH solution after reaction. The filtered prod-
uct was washed with methyl alcohol and ether,

and dried in vacuo for several days over CaCla.
Precipitates were obtained at 20 °C and 50-60 °C.
In both cases it was noted that the initial precipi-

tate contained a little free ferric hydroxide. At
20 °C, the precipitate soon became white, while

at 50-60 °C, it remained very slightly brown.
Analysis of the products indicated "C4F-14H20"
at 20 °G and "C4F.7H20" at 50-60 °C. Hoffmann
does not indicate whether silica or chloride was
looked for. So far as can be ascertained, glass

vessels were used, both in the actual preparation of

the C4F-aq., and probably in the initial prepara-
tion of C02-free NaOH by allowing a saturated
solution of NaOH to stand for some weeks. If

this is the case, silica would be taken into solution,

and as other work shows, may be expected in the
precipitated C4F-aq. Chloride also may have
been present, as found in later work at the Build-
ing Research Station. The accuracy of the
analysis for a supposed C4F-7H20 also appears to

be doubtful. As discussed later, the "C4F-7H20"
was almost certainly cubic C3F-6H20 together
with free Ca(0H)2.

Malquori and Cirilli [49] (1940) also prepared
C4F-14H20 in the same way and stated that for

the degree of dilution used by Hoffmann, the result-

ing solid does not contain any chloroferrite, but
that with higher concentrations, this forms as

impurity. The authors do not say so, but it is

presumed that glass vessels were also used, with
at least the possibility of silica contamination.
They indicate that their products did not contain

chloroferrite. This result is contrary to later

findings on similar preparations at the BuUding
Research Station. The hydrated calcium ferrite

is described as pure white in color, retaining I4H2O
when dried in vacuo over CaCl2 and 12H2O over
P2O5. The X-ray pattern found was similar to

that obtained by Hoffmann.
In another method of preparation, gradual

addition of 20 ml FeCl3 solution containing 0.04 g
Fe203 per ml to 20 liters of saturated lime solution,

hexagonal plates were obtained. Results of

analysis were stated to point to the formula C4F-aq.

The authors draw attention to behavior similar

to C4A-12H20 when the dF UUiO was de-

hydrated.
Early work at the Building Research Station

(Roberts) [15] on the preparation of C4F-aq.,

using glass vessels, has confirmed Malquori and
Cirilli's observation that with high concentration

of reactants in Hoffmann's method of preparation,

C3F CaCl2 aq. is formed. In fact, with an initial

chloride concentration in solution of about 8-9 g
CI per liter, the composition of the product
approached very closely to that of C3F-CaCl2-aq.

Even at much lower initial chloride concentration

of about 1 g CI per liter, as used by Hoffmann,
there was still appreciable contamination with the

chloroferrite, and the products were not white,

but cream-colored, suggesting incomplete reaction

and the presence of free ferric hydroxide. Further
experiments were made, varying the CaO/Fe203
ratio in the mixed chloride solutions, and the

amount of NaOH, to give varied final NaOH
concentrations. The results indicated the NaOH
concentration to be more important than the

CaO/Fe203 ratio in the mixed chloride solutions

in producing a white precipitate free from ferric
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hydroxide. However, as stated, these early experi-
ments were carried out in glass vessels, and it was
found that most of the products contained from
1 to 8 percent of Si02, depending upon the strength
of the alkali solution and the time in contact with
the glass. Further attempts were made in
polyethylene bottles to avoid silica contamination.
Also, in order to minimize contamination by
chloride, the precipitate was extracted first with
one liter of NaOH (to remove excess solid

Ca(0H)2) and then with two lots, each of one
liter, of nearly saturated lime solution (1.10 g
CaO per liter). However, even with a molar
ratio GaO/Fe203=5 in the mixed chlorides and a
final AT^NaOH concentration in solution, a deep
cream or buff-colored precipitate was obtained
containing 2.2 percent of CI, equivalent to about
19 percent of C3F-CaCl2 aq. In order to reduce
the Gl further, the initial chloride concentration
was reduced from about 1.0 to about 0.05 g CI per
liter, giving products containing 1 to 5 percent of

CI. X-ray and microscopic examination indicated
that the products consisted of a single solid phase
of the solid solution series C4F-aq.-C3F-CaCl2-aq.
An attempt to replace Cl~ by 0H~ in the product
obtained, by repeated extraction with one-liter

lots of saturated lime solution, produced at best,

after five extractions, a minimum content of 1.2

percent of CI, corresponding to about 10 percent
of CaF-CaClz-aq.
From this later experimental evidence, therefore,

the author cannot feel convinced that either Hoff-
mann or Malquori and Cirilli obtained a pure tetra-

calcium ferrite hydrate free from either sUica or
chloride or both. The possibility that the crystal

lattice structure of the C4F-aq. compound is not
stable without the presence of sUica is implicit in

the findings of Flint, McMurdie, and Wells [30]

(1941) with regard to the cubic CsF-GHsO, which
they could not prepare free from Si02 (with one
possible exception). It seems possible also that
the apparently strong tendency of Cl~ to substitute
for 0H~ in the structure "C4F-aq." is partly bound
up with spatial considerations concerned with the
relative sizes of the ions involved. Thus it may
be speculated that since the chloride ion is slightly

larger than 0H~, it will partly conform to slight

increase in size of Fe^"*" substituting for Al^+ and
result in less instability than where Fe^"*" and 0H~
are associated alone in the structure. There may
however be other factors. Thus it seems possible

that where two or more anions are available for

entry into a crystal structure, that ion is preferred

which confers greatest insolubility, or relative

concentrations in solution may play some part.

The factors at work and their relative importance
in this structure are however not yet clear.

3. CiF-xH^O or Solid Solutions. Following the

analogy of the hexagonal-plate hydrated calcium
alimainates, it would seem possible at first sight

that a hexagonal plate C2F-xH20 compound may
exist. However, the apparent difficulty of pre-

paring pure C4F-aq. because of instability of

structure when too much iron is present suggests

that it may never be possible in a structure
analogous to C2A-8H20. It seems more likely
that a lin)ited replacement of Al by Fe in the
C2A-8H20 compound may occur before the
structure becomes unstable.

There appears to be no reported preparation by
a precipitation method. Nor has any satisfactory
evidence been reported of preparation in any other
way. As previously indicated, it is concluded that
a dicalcium ferrite hydrate probably does not
exist, though it must be accepted as a possibility.

(c) Hydration of Anhydrous Compounds

1. Hydration of dF. Besides precipitation ex-
periments, Hoffmann examined the effect of shak-
ing more or less finely crushed C2F with water or
lime solutions at 20 °C for various times (CF gave
practically no reaction). In this first series he
used C2F crushed to pass a sieve of 10,000 meshes
per sq cm in admixture with a standard sand (1 g
C2F with 10 g sand and 75 ml water or lime solu-
tion), shaking for periods up to 6 days. No iron
was found in the filtrate. Depending on the
initial concentration of lime, lime was either re-
leased from or taken up by the solid phase to give
a final lime concentration of 1.06 g CaO per liter.

(The sand appears to have been used in an at-
tempt to prevent interference of protective films
forming on the surface of the C2F particles.)

Another series was carried out with a rather
more coarsely crushed C2F (2,500-4,900 meshes per
sq cm; diam 88-120 m)- This was shaken (10 g
C2F with 20 g sand and 300 ml saturated or half-
saturated limewater) at 20 °C for 150 days. It
was stated that after the sand and (residual) C2F
had settled, the hydrated calcium ferrite was foimd
as a rather heavy suspension of light brown color
in the solution. This was white after a week
(presumably due to further settling of the brown
material). The white suspension was analyzed
on a 50 ml sample, apparently including both solid

and solution, while lime in solution was determined
on a 25 ml sample of suspension after filtration.

In this way, final lime concentrations were found
to be 1.005 g CaO per liter, starting with 1.239 g
CaO per liter, and 1.100 g CaO per liter, starting
with 0.600 g CaO per liter. The CaO/FcaOa ratios
in the calcium ferrite hydrate were stated to be
3.4 and 2.9, respectively.

From the above, Hoffmann concluded that two
calcium ferrite hydrate phases, C4F-aq. and an-
other phase with a lower CaO/Fe203 ratio were
present in equilibrium with a solution containing
1.06 g CaO per liter. This conclusion however
appears open to question. Hoffmann compared
the X-ray patterns of the product obtamed with
an initial half-saturated lime solution of final

CaO/Fe203 molar ratio 2.9 and the compound
"C4F-7H20" thought by Hoft'mann to have been
obtained by him by precipitation at 60 °C, and
stated that they showed agreement. Malquori
and Cirilli [49] however could not confii'm the
existence of such a compound. Repetition of
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Hoffmann's experiments, at 50-60 °C, produced
cubic C3F-6H20, and Malquori and CirUli con-
cluded that at this temperature there is fairly

rapid conversion of C4F-14H20 to CgF-eHaO.
They point out too that the pattern given by
Hoffmann for his supposed "C4F-7H20" is similar

to that for CsF-GHaO. On the whole, it seems
very probable (and this is supported by later

work) that Malquori and CirUli are correct and
that Hoffmann really got partial transformation
of C4F-aq. to CsF-eHaO at 50-60 °C, and also in

the above shaking experiments at 20 °C. Thus
it appears that Hoffmann, by hydration of C2F,
produced C3F-6H20, thus:

C2F+C-aq.->C3F.6H20,

or

2C2F+H20->C3F-6H20+C+F.

Hoffmann, further, appears not to have con-
sidered the significance of the brown iron-rich

solid phase present (apart from residual C2F). If

no lower hydrates than C4F aq. or C3F-6H20 were
formed, this solid phase would be iron hydroxide
(or Fe203). In this case it would appear that
Hoffmann obtained an approximation to an in-

variant point for iron hydroxide-C^F-aq. or iron

hydroxide-C3F-6H20. This would suggest only

a short curve for C4F-aq. or C3F-6H20 in the
system, since the apparent "equilibrium" lime
concentration is 1.06 g CaO per liter compared
with (at 20 °C) a saturation concentration of 1.24

g CaO per liter. Such speculations are of course

subject to other possibilities for calcimn ferrite

hydrate formation yet to be discussed.

Bogue and Lerch [56] had previously attempted
to hydrate C2F. The compound was stated to

require about 30 percent of water to form a

plastic paste. No stiffening or temperature
changes were observed. Hydration was found to

be very slow, combined water amounting to only
7 percent by weight of C2F after 2 years. It

was stated that the hydrate formed was amor-
phous, with a refractive index of about 1.70.

The authors suggested that it was a dicalcium
ferrite hydrate, but no direct evidence was offered.

In the light of the evidence provided by later

work (e.g., Eiger, Hoffmann, and Malquori and
CiriUi), it would appear that treatment of C2F
with water results first in extraction of lime
leaving an iron-rich surface residue, which later

reacts with the lime solution producing C3F-6H20
(or possibly first C4F-aq., this transforming to

C3F-6H20), so producing, under the conditions
used by Bogue and Lerch, a protective coating.

The product of partial hydration may thus be an
outer skin of C3F-6H20, over a shell from which
some lime has been extracted, leaving a shell of

composition C<2-F, and within this, unaffected
C2F. It has been shown by Malquori and CiriUi

that dehydration of both C3F.6H2O and C4F-14H20
results eventually in breakdown to C2F and lime.

in agreement with Bogue and Lerch's assmnption
for the behavior of calcium ferrite hydrate with
C/F>2. It will be seen that on the mechanism
of hydration now suggested, not only is the amount
of CgF-eHaO probably smaU, but free lime liberated
on complete dehydration may react with the
lime-poor shell to produce further C2F. Thus,
either no free lime may be left or it may be
present in too small amount for detection. This
may well explain the fact that Bogue and Lerch
could not detect free lime in the dehydrated
product.
Bogue and Lerch considered also the possible

formation of a less basic hydrated compound such
as CF-aq. This is at first sight in line with the
fact that lime is extracted from the C2F. However
no Ca(0H)2 could be found either by microscopic
or by X-ray examination.

It seems clear that there is no evidence for
either a di- or monocalcium ferrite hydrate in
these experiments. It should be noted that at
the time of Bogue and Lerch's experiments,
neither C3F-6H20 nor C4F-14H20 was known,
except, in the latter case, for the very old work
(1851) by Pelouze [55].

The author regrets that the length of this paper
precludes consideration of the relatively small
amount of work relevant to hydration of C2F by
other authors at this time. It does not appear
that such work modifies the conclusions now
reached on the calcium ferrites which can be
formed.

2. Hydration of dAF. Hydration of C4AF,
which later work has shown to be not a compound,
but a solid solution of this composition in anhy-
drous cement, has been studied by several authors.
Brief summaries have been published by Steinour

[32], Bogue [59], and Lea [26]. The results of

experimental studies are now described and
discussed, not in chronological order, but in an
order which seems best to explain behavior.
Malquori and CirUli [52] (1943) found that on

shaking C4AF with "constantly saturated lime-
water" at about 0 °C (in order to prevent trans-

formation to the cubic phase) a "perfectly white"
product was obtained, consisting of hexagonal
plates of refractive index 1.57, corresponding to

that of a 50 percent solid solution between C4A-aq.
and C4F-aq. The X-ray pattern was also stated

to be simUar to that of the product obtained by
precipitation from solution when equimolar
amounts of AICI3 and FeCl3 were added to sodium
hydroxide solution. At 20-25 °C, the same
hexagonal-plate crystals plus cubic crystals of

index 1.66-1.67 were obtained, corresponding to

the 50-50 percent solid solution of C3A-6H20 and
C3F.6H2O.
These experiments appear to lead quite def-

initely to the conclusion that the hydration of

C4AF in limewater maintained in the saturated
condition leads initially at lower temperatures
to formation of a one-to-one molar solid solution

of C4A-aq. and C4F-aq., this gradually trans-
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forming to the corresponding CaA-aq.-CsF-aq.
solid solution at higher temperatures.

In Hoffmann's prior tests at 20 °C, for times
up to 270 days, it had been found that, whether
starting with saturated limewater, half-saturated

limewater, or water, using initially 1 g C4AF
with 75 ml water or solution, the lime concentra-
tion, subject to some fluctuation, approached a

final value of 0.63-0.64 g CaO per liter. The
hydrated product produced was light brown in

color, while a little unreacted C4AF was stated
to remain. Hoffmann argues that three hydrated
phases must be formed in the hydration of C4AF,
either two hydrated calciiun aluminate phases
and one ferrite hydrate or vice versa. This
conclusion would follow if the alumina and ferric

oxide components behaved independently, but
the mutual replacement of Al and Fe in solid

solution suggests that the system CaO-Al203-
Fe203-H20 may be effectively ternary in part.

(The same conclusion may also be made where
Si02 additionally forms part of the solid-solution

equilibriimi) . Further, Hoffmann accepts an
earlier conclusion by von Polheim on the CaO-
AI2O3-H2O system that the solid phase in equilib-

rium in this system at a lime concentration of

0.64 g CaO per liter is CaA-aq. This conclusion
of coiirse is in conflict with the results of later

work. The argument developed by Hoffmann
that the phases formed are CsA-aq., iron hydroxide,
and a mono- or more probably a dicalcixun ferrite

hydrate C2F-aq. thus hardly seems valid. How-
ever, Hoffmann states that the hydrated products
obtained with an initial saturated lime solution

(final concentration, 0.64 g CaO per liter, nil

Fe203) and water (final concentration 0.64 g CaO
per liter, nil Fe203) gave on analysis compositions
corresponding respectively to 7.26 CaO-2.3Al203-l

FeaOs and 6.93CaO-2.3Al203-lFe203.
Flint, McMurdie, and Wells [30] hydrated C4AF

by shaking with water in the proportion of 100 g
C4AF to 2 liters water, presimiably at room tem-
perature, filtering after various times, and analyz-
ing the filtrates. Only CaO and AI2O3 passed into

solution, concentrations of about 0.55 g CaO and
0.32 g AI2O3 per liter being reached in about one-
half hr, then decreasing slowly and as3rmptotically

to about 0.45 and 0.05 g per liter respectively after

about a week. The metastable solutions precipi-

tated "silky" precipitates (indicating formation of

a hexagonal-plate phase) on standing after various
indicated times of shaking, }i, 1, 2, 4, 6, 24 hr;

3 and 7 days. After 3 months, mixtures of hexag-
onal calcium aluminate hydrate and C3A-6H20 of

R.I.= 1.605 were formed. The residual iron-con-

taining material after filtration was not further

considered.

This method of experiment clearly separates the

iron-containing residue from the metastable solu-

tion containing lime and alumina at an early stage,

and the subsequent precipitation from the solution

on standing may be expected to yield (from the

work of Jones and Roberts) initially hexagonal

plates of solid solution in the range C2_2.4A'8-10.2
H2O, possibly accompanied by alumina gel. There
appears then to be a further conversion to the
stable cubic hexahydrate C3A-6H20 and hydrated
alumina at the invariant point A-3H20-C3A-6H20.
No iron would of course be expected in the solid
phases under these conditions.

Another identical mix was allowed to stand for
10 yr at room temperature with occasional shak-
ing. Under these conditions, several processes are
or may be proceeding side by side or consecutively
with overlapping:

1. Precipitation from the extracted solution of
hexagonal-plate hydrated aluminates and possibly
alumina gel as described above.

2. Removal of further lime from the iron-con-
taining residue, leading to increase in lime concen-
tration of the solution.

3. Formation of crystals of C3A-6H20-C3F-6
H2O solid solution from the iron-containing resi-

due, presumably preceded by a hexagonal-plate
solid solution of C4A-aq.-C4F-aq.

4. Formation of a residue of iron hydroxide.

The above suggested mechanism appears to fit

the description given by the authors, viz: "Anal-
ysis of this solution (i.e., after 10 yr) showed but
a trace of almnina. The lime in solution was 1.087

g CaO per liter, slightly less than that of a satu-
rated lime solution. This increase in concentra-
tion of lime was accompanied by the disappearance
of the hexagonal forms of hydrated calcium alimii-

nate, and of the anhydrous phase. The solid

residue was a mixture of isometric crystals and finely

divided reddish material. The biilk of the iso-

metric crystals had the normal refractive index of

3CaO-Al203-6H20. A relatively smaU proportion
possessed a higher index of refraction with a maxi-
mum value of about 1.637."

In the present author's view, the results of this

experiment may be reasonably interpreted on the

basis that the initial extraction in effect produces
two experiments proceeding side by side in the

same reaction vessel, with relatively little mutual
interaction:

(a) Precipitation from a metastable solution

containing lime and alumina in molar ratio.

(b) Reaction of the partly hydrated solid phase
from the extraction containing CaO, AI2O3, and
Fe203 in molar ratio with a lime solution.

Thus (a) may be expected to give the equilib-

rium of the system CaO-Al203-H20 and (b), that

of Ca0-Fe203-H20, finally ending with, for (a), an
invariant point C3A-6H20-hydrated alumina, and
for (b) an invariant point for a solid solution

"C3F.6H20-C3A-6H20"-ferric hydrate. The final

lime concentration appears to be common to both
equilibria. It seems probable that the high degree

of insolubility of ferric hydroxide (or oxide) pre-

vents any attainment of equilibria between the

C3A-6H20 obtained by precipitation from super-

saturation, and the solid solution "C3F-6H20-
C3A-6H20" obtained from the iron-rich residual
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solid phase. If these conclusions are correct, no
hydrated hexagonal calciiun ferrite phase with a

CaO/Fe203 ratio less than 3 could be expected in

these experiments.

Flint, McMurdie, and Wells apparently used

glass vessels. There is therefore a possibility that

some silica was removed from the glass and en-

tered into the structures of the hexagonal and
cubic phases formed.
The authors finally examined behavior in a

paste made from 10 g C4AF and 5 g water, stored

in a glass vessel for 6 days. There wUl be an ap-

preciable evolution of heat in a paste of this com-
position and the temperature will therefore be
somewhat above room for some time. We may
however assume that the general form of the equi-

libria to be expected in extracted solution and resi-

due will be as given above. Microscopic examina-

tion of the mixture "showed the presence of about
20 percent of unhydrated 4CaO-Al203-Fe203 with

the alteration products consisting of a mixture of

reddish amorphous material and of isometric crys-

tals with index of 1.63 to 1.64." The authors con-

cluded that the increase in index was due to the

presence of Fe203 in solid solution. This is clearly

so, whUe the fact that the observed crystals are

now solid solution and not pure C3A-6H20 appears

to be due to the large solid-to-solution ratio, little

lime-alumina solution being produced from which
C4A-aq.-^C3A-6H20+C could precipitate. The in-

timate association of alumina and ferric oxide in

the relatively large body of hydrating C4AF then
leads to solid-solution formation. For this paste

therefore, under the conditions and for the time
tested, it is concluded that the final solid phases,

excluding unhydrated material, consisted of cubic

solid solution CsACF) -61120 and a mixture or pos-

sibly solid solution of ferric and alumina hydrates.

Work had been carried out previously by Bogue
and Lerch [56] (1934). These authors stated

that the anhydrous phase had disappeared after

one month. The isotropic crystalline phase had
an index of 1.640, as later confirmed by Flint,

McMurdie, and Wells. Bogue and Lerch could
not however at the time distinguish the X-ray
pattern from that of C3A-6H20. The reddish-

brown amorphous phase was not identified. It

was suggested as "probable" that it was a hy-
drated calcium ferrite, but in the light of the
discussion given in the present paper, this sug-
gestion seems untenable.
Brocard [19] (1948) carried out similar though

not identical shaking tests, with analyses of

solutions, to those of Flint, McMurdie, and Wells.
Instead of using 100 g C4AF to 2 liters of water,
he used 30 g C4AF, and instead of using separate
mixes for each time period, filtering and analyzing,
he withdrew 50 ml aliquots after various times,
thus gradually decreasing the amount of liquid
present by 450 ml in 9 withdrawals over a period
of 3 days. He carried out tests at various tem-
peratures also, 15°, 30°, 50°, 70°, and 100 °C. Con-
sidering his results at 15 °C in comparison with

those of Flint, McMurdie, and Wells, the initial

maximum content of CaO is much the same in

both cases, but Brocard found a much higher
content of alimiina than did Flint, McMurdie,
and Wells at their room temperature and there-

fore a much lower lime/alumina ratio. No iron
was found in solution, confirming Flint, McMurdie,
and Wells' finding. Hexagonal-plate crystals

first precipitated, later converting into cubes.
There was also left a brownish amorphous gel.

X-ray examination of the hydrated product after

3 days indicated the presence of hexagonal
"CsA-yHsO" and cubic C3A-6H20. Brocard
wrote the reaction as 2C4AF+ aq.^C3A-6H20-|-
C2A-7H20+2CxF and considered that an amor-
phous calcium ferrite gel was present.

When the reaction was allowed to proceed at

room temperature (15°-18 °C), it was noted
that the lime concentration reached a minimum
of 0.29 g CaO per liter after 8 days, and then
increased slowly, becoming 0.41 g at 6 months.
X-ray examination at 6 months showed a pre-

ponderance of cubic aluminate.

In the light of the present discussion and of

the work of Jones and Roberts, it seems clear

that the lime-alumina solution of relatively low
CaO/Al203 molar ratio obtained by Brocard can
be expected to precipitate dicalcium aluminate
hydrate, with possibly aliunina gel, in contrast

to higher calcium aluminate hydrates expected
from Flint, McMurdie, and Wells' solution.

The conversion to C3A-6H20 can then be expected
to follow, the final equilibria ending up as de-
scribed above.

At higher temperatures, Brocard found precipi-

tation of C2A-7H20 followed by more and more
rapid transition to cubic C3A-6H20, whUe in

X-ray examination the presence of hematite
(a-Fe203) was evident. To the present author,

this lends support to the view that the final

products of hydration of C4AF with water in the

relative amounts used by Flint, McMurdie, and
Wells, or Brocard, in their shaking tests, are

those indicated above for the various conditions

of experiment, with the evidence pointing to the

iron being present partly as a solid solution

"C3A-6H20-C3F-6H20" and partly as a hydrated
(or hydrous) iron phase. There is no satisfactory

evidence of a C2F-aq. or CF-aq. compound.
There are two further points on which it seems

desirable to comment. Ope is concerned with
the actual constitution of the residual "amor-
phous" material produced in the process of

hydration of C4AF, the other with the formation
of hematite.

As the present author sees it, when a particle

of "C4AF" is placed in contact with water, Ca
and Al pass into solution from the crystal lattice,

first from the surface layer, as "Ca(0H)2" and
"A1(0H)3", with possibly some replacement by
H2O and the immediate formation of a more or

less structureless "gel". This is a continuous
process, as water penetrates into the crystal
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lattice of C4AF, and the initially formed hydrated
material remaining in situ will exercise a protective
effect on the underlying residual unaffected
C4AF structure, as visualized by Brocard. In
the present author's view, however, it is not
possible at any stage to regard the external
initially "gelatinous" residue as a definite calcium
ferrite hydrate. Perhaps this is more a matter
of words than anything else, and the author is

otherwise in substantial agreement with Brocard's
conclusions. It is not thought however that one
can speak in too rigid terms about the change
from the initially formed gel to "hematite". The
whole is a gradual process in which the gradual
extraction of lime and alumina from the C4AF
lattice and the increasing rapidity of building
the residual disordered "micro-lattices of hema-
tite" into larger units are essential featm-es.
The second point is concerned with the struc-

ture of the final iron-containing phase. Although
Brocard states that he found the lines of hematite
(a-FegOs) in the X-ray powder patterns of the
hydrated products, he nevertheless states in a
footnote that the pattern of hematite is identical
with that of hydrous or hydrated hematite
"FeaOg-nHjO" and appears to conclude that the
iron phase is really in a hydrated condition.
There seems to be some doubt about this, since
in work at the Building Research Station (Rob-
erts), only a-Fe203 (hematite) has been identified
on X-ray examination of mixes in which calcium
chloroferrite, C3F-CaCl2-aq. was treated at 90 °C
with water, saturated limewater, or 0.5 percent
and 1.0 percent NaOH and KOH solutions
saturated with lime. This result of course con-
firms Brocard's actual observations.

In view of these findings on the ferric oxide
formed, and the bearing which the phase has in

the CaO-Fe203-H20 equilibria, it seems desirable
to discuss very briefly the position with regard
to anhydrous and hydrated oxides of iron insofar
as this is relevant. Rooksby [60] has discussed
these oxides (1951) and summarized the position
at that time.
The only anhydrous oxides which need concern

us here are a-Fe203, which occurs naturally as
hematite, and 7-Fe203, found naturally as a
comparatively rare mineral maghemite. The
7-Fe203 is metastable with respect to a-Fe203,

rapid conversion occurring at about 400 °C,
while the color changes with the change in struc-
ture from light brown to a "turkey-red".
Of the hydrates, a-, /3-, and T-FezOs-HjO,

only the a- and 7- forms occur naturally, as
goethite and lepidocrocite respectively. The crys-
tal structures of these two forms are similar to
those of a-Al203-H20 (diaspore) and 7-A1203-H20
(boehmite), respectively. So-called limonite ap-
pears to be poorly crystallized goethite. The
third form, |3-Fe203-H20, can be obtained from
ferric chloride as an orange-yellow precipitate by
"heating a solution of moderate concentration to
60 °C for 45 min". Rooksby comments that in
natural bauxite, in which the main constituent
has the boehmite crystal structm-e, iron, if

present, may replace the aluminum isomorphously.
It may here further be remarked that this obser-
vation may also apply to the system CaO-AlzOj-
II2O, where initial precipitation of hydrated
alumina may be as a boehmite structure.
The colors of the hydrated iron oxides are

respectively yellow, orange, and brown, appar-
ently related to the changes in structure. Both
a- and 7-hydrated oxides are comparatively
easily decomposed to the corresponding a- and
7-anhydrous oxides by heating in air for one hr
at 300 °C. As stated, heating of the 7-Fe203
above 400 °C then causes transformation to
a:-Fe203. It is of interest to recall that Hoff-
mann [54] found a change of structure of

7-Fe203-Il20 to a-Fe203-H20 on grinding in an
agate mortar.
We can now return to Brocard's observation

on the iron-oxide phase produced in the hydration
of C4AF. He states that the X-ray pattern of

hematite is identical with that of hydrated hema-
tite "FcaOs-nHaO." It is not clear precisely what
this "Fe203-nH20" material was. From the data
presented by Rooksby [60], the structure and
X-ray pattern of hematite is substantially differ-

ent from those of a-Fe203-H20 or the ^3- and
7- forms. If Brocard's material was really a
limonite, assigned a formula such as 2Fe203-3H20,
Rooksby comments that X-ray examination of

"limonite" shows it to be generally composed of

goethite, i.e., a-Fe203-H20. It is difficult to

reconcile these apparently conflicting data about
the identity of hematite and hydrated iron oxide.

Replacement of Al by Fe in Hydrated Calcium Aluminates, and Calcium Chloro-
and Sulfoaluminates

Owing to the length of this paper, only a brief

and somewhat incomplete discussion can be given
here.

Following their experiments on the preparation
of hexagonal C4F-14H20 and cubic C3F-6H20,
Malquori and Cirilli [52] (1943) investigated the
possibility of solid solution formation between
these compounds and the corresponding alumi-
nates.

For the hexagonal-plate structures the method
used was stUl that of adding a mixed solution of

chlorides to sodium hydroxide solution. The
precipitate obtained under the conditions used,
after drying over CaCl2 and KOH, was stated
to contain (as determined by anah'sis) a CI
content always below one percent, based on the
anhydrous compound. It is evident from this

statement that the product contained some
chloroaluminate and/or chloroferrite in the hex-
agonal-plate solid solutions. It appears also

that the authors worked throughout with glass

vessels, so that the presence of sHica in the struc-
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tures is probable. Precipitates obtained in this

way, with compositions (neglecting the possible

presence of Si and of CI) of C4A-aq.; 4CaO-
O.SSFesOa-O.eTAlsOs-aq.; 4CaO-0.5Fe2O3-0.5Al2O3-

aq.; 4CaO-0.67Fe2O3-0.33Al2O3-aq.; and C4F-aq.
showed X-ray patterns indicative of solid-solution

formation. It appears that Malquori and Cirilli

did not use in their mixed precipitates a higher
proportion of Fe to Al than 2 : 1 (molar)

.

Tests were also carried out to investigate the
possibility of solid solutions between C3A-6H20
and C3F-6H20, though it was stated that since

the X-ray patterns and spacings are very similar,

comparison of these is not a suitable criterion.

Reliance was placed on refractive-index deter-

minations. The method of preparation was to

heat solid solutions of C4A-aq. and C4F-aq. in

lime solutions at about 70 °C for several days.

The cubes obtained, of composition CsA-aq.; 3CaO-
0.25Fe2O3-0.75Al2O3-aq.

;
3CaO-O.33Fe2O3-O.67AI2O3.

aq.; 3CaO-0.5Fe2O3-0.5Al2O3-aq.; 3CaO-0.67Fe2O3-
0.33Al2O3-aq.; and C3F-aq. showed a continuous
variation of index, indicating solid solution. Again
it is to be noted that Malquori and Cirilli did not
work with a higher molar proportion of Fe to Al
than 2:1.

It seems possible therefore that sUica was
present in both the above cases, while some CI

was present in the C4A(F)-aq. structure. While
CI would not be expected in the cubic C3A(F)-aq.

structure, analysis does not appear to have been
carried out to confirm its absence.

The "low" form of calcium chloroaluminate has

long been known. A corresponding ferrite com-
pound was obtained by Malquori and Caruso

[48] (1938). Malquori and Cu-mi [61] (1952)

state that solid solution of the two compounds
can be obtained, but few details are given.
Only recently has there been evidence of a

"high" chloride calcium chloroaluminate [24]

(1956), and the existence of a corresponding
ferrite or of solid solution with C3A-3CaCl2-aq.
does not yet appear to have been established.

Corresponding to the "low" sulfoaluminate, the
"low" sulfoferrite was prepared by Malquori and
Caruso [48] (1938). Evidence for the existence of
a C3A(F)-CaS04-aq. solid solution does not appear
to be available in the literature. However, one
solid solution within this general composition has
been prepared at the BuUding Research Station
(Roberts [15]). Analysis gave 2.99CaO-0.63Al2O3-
0.37Fe2O3-0.94CaSO4-13.7H2O, with refractive in-

dices intermediate between those of C3A-CaS04-
aq. and C3F-CaS04-aq.
Limited solid solution between a "high" sulfo-

ferrite and the corresponding high-suLfate sulfo-

aluminate was reported by Cirilli [28] (1943), up
to about 75 percent AI2O3 being replaced by
Fe203.

Malquori and Cirilli [61] (1952) have discussed
the calcium aluminate complex salts and sum-
marized the evidence obtained by them for the
close analogy between hydrated calcium ferrites

and aluminates and among the salts derived from
them.

Generally, it appears likely that the existence
of a complete series of corresponding "low" and
"high" forms of chloro- and sulfoaluminates and
ferrites will eventually be established and partial

or fuU solid solution shown between corresponding
structures, depending on the effect of replacement
of Al by Fe in the particular type of structure
concerned.

Conclusions

On the basis of the preceding discussions, it

seems possible to attempt some unifying picture

of at least one portion of the cement-hydration
field, which, however inadequate, may serve to

stimulate discussion helpfiil to further investiga-

tion. The picture thus drawn must inevitably be
a mixture of what is proven and what is more or

less conjectural.

The simplest conception, on present evidence,
appears to be that hydrated calcium aluminates
formed within the portland cement-water system,
before any dehydration occurs, are restricted,

within the range 22 °C-100 °C, to C4A-19H20 and
C2A-8HoO, metastable ho\^ever with respect to

C3A-6H20, while below 22 °C, C2A-8H20 is replaced
by CA-lOHaO. Above about 100 °C, the meta-
stable C4A-19H20 and C2A-8II20 may have only a
short life or not be formed at all, or possibly a
lower hydrate of dicalcium aluminate of formula
C2A-3II20 may be formed. Apart from these, the
only compounds formed in the high-pressure
steam-curing range are C3A-6H20 and, above
about 215 °C, the compound C4A3-3H20. The

position with regard to C4A-19H20 and C2A-8II20
is complicated by the slightly different structural

arrangements possible in precipitation from super-
saturated solution, but this does not appear to

affect the overall picture.

Corresponding hydrated ferrites are limited, on
present evidence, to metastable C4F-aq. (there

being no satisfactory evidence of a hexagonal
CzF-aq.) and "unstable" CsF-OHaO. In the latter

case, experimental evidence and structural con-
sider^ations suggest that a pure C3F-6H20 struc-

tiu-e is unstable and that the Al of C3A-6H20 can
only be replaced fuUy by Fe if room is made in

the crystal lattice by replacing 2H2O by Si02 (4H"'"

by Si*"*"). The experimental evidence seems at

present not sufficiently decisive to say definitely

whether similar spatial considerations apply in

the case of C4F-aq. Nor is there evidence which
gives definitely the H2O content of C4F-aq. or

indicates whether a possible hydrate C3F-Ca(OH)2-
I8H2O exists parallel to C3A.Ca(OH)2-18H20
(i.e., C4A.19H20), dehydrating to C3F-Ca(0H)2-
I2H2O.
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Solid-solution series are formed both in hexag-
onal-plate and cubic structures in the systems
CaO-AlzOa-HaO and CaO-Fe203-H20.
One form of solid solution is that exemplified

between C4A-19H20 and C2A-8H20 in the system
CaO-Al203-H20, where a limited solid solution is

formed within the range C2-2.4A-8-10-2H2O.
Another form is that between C4A-aq. and

C4F-aq. and between C3A-6H20 and CsF-GHaO,
where Al is replaced by Fe. Thus during hydra-
tion of cement compounds, when both aluminate
and ferrite compounds are present together
with sufficient lime, or both Al and Fe are present

in the same compound, as in "C4AF", hydration
leads to a solid solution of the series C4A-aq.-
C4F-aq., metastable with respect to the cubic
solid solution series C3A-6H20-C3F-6H20, the
latter however taking up silica from silicates

present to a composition of the hydrogarnet type.

In the presence of sulfate, as in normal portland
cements, sulfate will enter the structure of the
hexagonal-plate lattice and produce either a

solid solution of the hexagonal-plate type or the
hexagonal-needle type depending on the relative

amount of alumina, iron, and sulfate present.

If such a solid solution reverts to the cubic
structure, sulfate, but not iron, is liberated from
the structure. Additionally, in the presence of

chloride, CI may also enter into the solid solution.

It may be, however, that because of the relatively

high solubility of alkali chlorides and CaCl2,

sulfate will be taken up preferentially into the

structure.

This simplified picture appears to go as far as
the present evidence and discussion permit.
There is a need for further more exact experimental
work to establish or refute the more conjectural
aspects of the conclusions reached.
The importance of considering the problem

in terms of the limited crystal lattice structures
which appear to be possible may perhaps be
stressed. There seems to be an obvious relation-
ship between various compounds in the positions
which they occupy in slight modifications of
essentially the same lattice, and it seems clear
that a further attack on structural aspects would
give very valuable results. What is, for example,
the exact structure of C2A-8H20 in relation to
C4A-19H20, or of CA-lOHaO in relation to both?
What of the compound C2AS-8(?)H20? This is

apparently not resistant to attack by sulfates,
whereas in the cubic lattice, replacement of
4H+ by Si*+ apparently confers sulfate resistance.
It is hoped that what has been said will help
to concentrate attention on these and other
aspects of the problem, including the mutual
interplay with calcium silicate hydrates also
formed in cement hydration.

The paper is published by permission of the
Director of Building Research. The author is

much indebted to his colleague, Dr. M. H. Roberts,
for critical reading and discussion.
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Discussion

H. zur Strassen and C. H. Schmitt

On the Stability of C3FH9 and C4FHU

The authors [1, 2] have expressed the opinion
that the CsFHs phase would not exist in a pure
state, but would only be formed in the presence
of silica. If silica is not present, C4FH14 would
be formed instead. The experiments leading to

this conclusion [1] are described here in a few
words

:

(la) Freshly precipitated iron hydroxide is

shaken with saturated lime solution and lime in

excess, using polyethylene vessels. C4FH14 is

formed and still remains stable after a period of

39 weeks.
(lb) The same mixture in glass vessels yields

hydrogarnet after 6 to 30 weeks, and contains
0.1 to 0.2 mole Si02 per mole Fe203.

(Ic) The same mixture in polyethylene vessels

with addition of highly reactive silica (aerosd)

likewise yields hydrogarnet (silica-content: 0.23

to 0.28 mole Si02 per mole Fe203).

(2a) The hydration of C2F with different ex-

cesses of lime yields C4FH14 after a reaction time
up to 26 weeks, eventually with additional
Ca(0H)2.

(2b) The same reaction in the presence of C2S
yields hydrogarnet with 0.17 to 0.20 mole Si02
per mole Fe203 and very small amounts of C4FH14.
The experiments mentioned in (2a) and (2b)

were allowed to react up to a period of two years.

With respect to (2b), the reaction product remains
hydrogarnet. The mixtures under (2a), however,
show partial decomposition of the original C4FH14
to Ca(0H)2, Q:-Fe203-H20 and a third substance
not yet identified, with X-ray-lines at d=5A0 A
and 4.29 A.
These results confirm the opinion that a stable

C3FH6 does not exist in the system CaO-Fe203-
H2O. The C4FH14 itself proves to be metastable
and decomposes to iron hydroxide. Only the
presence of small amounts of silica renders possible

the formation of the very stable hydrogarnet
phase.

Jones gives evidence that a C3FH6 free of silica

could form from C3F-CaCl2-Hio by hydrolysis in

NaOH-solution. This phase has not yet been
prepared in a pure state and probably is com-
pletely unstable, as Jones himself emphasizes.
According to our experiments the formation of a

sUica-containing hydrogarnet should be considered
in all those cases in which an allegedly pure C3FH6
is said to be formed in the presence of calcium
sUicate hydrate.

Identification Chart of the Garnet-Hydro-
garnet Solid Solution Series

Completely unobjectionable hydrogarnet
phases can be obtained only if dry glasses of

corresponding composition are allowed to react

with water vapor, whereby a definite interval of
temperature must be observed, dependent on the
silica content of the glasses. The usual method
of mixing the glasses with water and then putting
them into the autoclave leads to initial reactions
with a different tendency, which cannot be broken
off, so that impure products are formed.
As a result of this, the identification chart is

not completely exact and must be replaced by
another. These investigations are not yet fin-
ished, so that the final identification chart cannot
be presented at the moment.

On the Existence of the Compounds C4ASH12
and C6AS3H31

Flint and Wells [3] described the compounds
C3A.CS.Hi2(=C4ASHi2) and C3A-(CS)3-H3i
(=C6AS3H3i). The first, isomorphous with
C3A-CaS04-Hi2, was said to be formed by mixing
calcium silicate and calcium aluminate solutions.
The second, isomorphous with C3A-3CaS04-H3i,
originated by transformation out of the first, the
precipitate having been in contact with the solu-
tion for three years.

Dorr [4] was of the opinion that he had repro-
duced the compound C4ASH12, but later experi-
ments [2] which had a reaction time of 1 and 2
years, respectively, showed only Ca(0H)2, C4AH13,
and calcium silicate hydrate. A repeated exhaus-
tive control of the 2-yr samples showed in one
case weak X-ray-lines {d=9.7 A, 5.6 A, 4.7 A),
identical with the strongest lines of ettringite.

The products, however, are free of sulfate and
therefore they must be attributed to the C6AS3H31
phase of Flint and Wells. In the other samples
these lines were at least indicated.

The experiments are being continued, because
the conditions of formation of the compoimd
C6AS3H31 are still obscure. It is remarkable that
at this point hydrated silicate and aluminate
phases coexist without formation of hydrogarnet
[2]. Mohri [5, 6] also reported the compound
C6AS3H31.
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Discussion

C. H. Schmitt

With reference to the report submitted by Dr.
Jones, there are submitted the following lines

concerned with the substitution of aluminum by
iron in gehlenite hydrate, C2ASH8. A detailed

publication will be made elsewhere in the near

future, as soon as investigations have been com-
pleted.

Gehlenite hydrate can be obtained in a pure

form by treating a glass of gehlenite composi-
tion with half-saturated lime solution [1]. As
starting materials glasses were used which had
an increasing iron content ranging from C2AS to

C2Ao.4Fo,6S (table 1). Since the partial thermal
decomposition of Fe203 during melting cannot be
prevented, the finely ground glasses were sub-
sequently carefully oxidized in an open electric

furnace. The nonoccurrence of any crystalliza-

tion was checked by X-ray diffraction. These
glasses were shaken with half-saturated lime

Table 1. Reaction of glasses C2Aa-z)FxS with half-

saturated lime solution

5.00 g glass+300 ml lime solution oontainiug 63.6 mg CaO in 100 ml;
reaction time 13 weeks.

(1)

Analysis of the glasses

(2)

Lime and
water content

after

hydration

(3)

Lattice
constant A

(4)

Refractive
index

molea moles
a

(±0.01)
c

(±0. 02)
0 A F S C H

1.97 1.00 1.00 2. 07 7. 97 9. 96 12. 56 1.512±0. 003
1.99 0. 90 0. 10 1.00 2. 09 8. 01 10. 00 12. 56
2.02 .80 .20 1.01 2. 09 8. 04 10. 04 12. 55 1. 517±0. 003
1.99 .70 .30 0.99 2. 11 8. 08 10. 07 12.52 1. 525±0. 005
2. 01 .60 .40 .99 2. 13 7. 76 10. 08 12. 54 1. 525±0. 005
2.00 .50 .50 1.00 2. 11 6.85 10. 08 12. 55 1. 525±0. 005
2.00 .395 .605 1.00 2. 08 5. 30

solution for 13 weeks; then the reaction products
were washed with acetone and dried. The water
content of the hydration products (table 1) did
not increase during shaking over a longer period;
i.e., the hydration process of the glasses thus could
be considered as having come to an end. In all

samples the X-ray test showed gehlenite hydrate
as the newly formed hydrated phase (and very
small amounts of calcium silicate hydrate, hydro-
garnet and gibbsite).

Up to an iron oxide content of 0.3 mole in the
glasses, the hydrates formed were white or some-
what yellowish-white and contained 8 moles of

H2O after completed reaction, the lime content
ranging from 2.07 to 2.11 moles per mole of R2O3.
The hydration products of glasses containing 0.4

mole of iron oxide or more were of an increasingly
brown color and no longer reached the water con-
tent of 8 moles.

From the X-ray diagrams of the hydrates, the
conclusion must be drawn that the a-parameter
of the hexagonal unit cell increases up to 0.3 mole
of iron oxide in the glasses and remains constant
at higher iron oxide contents (table 1). According
to the results obtained hitherto, the c-parameter
is not influenced by the entrance of iron.

Likewise, the refractive index of the hydrates
increases up to an iron oxide content of 0.3 mole
and remains constant at higher iron contents of

the starting material.

All these results lead to the same conclusion
that up to 0.3 mole or a value slightly exceeding
this amount, aluminum in the gehlenite hydrate
is replaceable by iron.

Comparing the dimensions of the unit cell of

the gehlenite hydrate, a= 9.96 ±0.01 A, c=
12. 56 ±0.02 A, with the values found by Fratini

and Turriziani, a= 8.85 A, c= 12.66 A [2], it is

obvious that the a-parameters are essentially

different. The values given here have been cal-

culated from the hkO- and 001 -lines respectively

according to the indices as listed in table 2.

Table 2. X-ray data of C2ASHi (hydration product of the

C2AS-glass)

m..
W.
W-.
vw.
w.

.

s...

w.

.

vw.
VS-.

vw.
vw
m-
S--
W-.
vw

12. 58
6. 28
4. 98
4. 89
4. 39
4. 28
4. 183
3. 534
3.037
2. 873
2. 798
2. 718
2. 613
2. 489
2. 438
2. 404
2. 385

001
002
110
(>)

(»)

200
003
202

b (203)

300
b (301)

(°)

302
220

W
(»)

310

w
m
m-w..
vw_..
vw_..
s

m
m

» Possibly gibbsite.
•> Possibly calcium silicate hydrate.
° Possibly hydrogarnet (C3ASH4).
Possibly coincidence with gibbsite.

d

2.367 303
2. 239 <i 312
2. 122 304
2. 076 313
2. 047 d 106
1. 8922 305
1.8602 206
1. 8363 C)
1. 7637 C)
1. 6623 330
1. 6469 331
1. 6063 332
1. 5603 316
1. 5440 333
1.4383 600
1. 3599 603

References

fl] F. H. Dorr, Dissertation, Mainz 1954; H., zur Stras-

sen, Zement-Kalk-Gips 11, 137 (1958).

[2] N. Fratini, and R. Turriziani, Ric. Sei. 34, 1654 (1954).

Discussion

H. zur Strassen

In Jones' paper the close relationship between
C2ASH8 and C4AH13 is mentioned; both should

have the same hexagonal layer structure. Schmitt

[1], however, has found for C2ASH8 another value

of the a-axis than that found by Fratini and
Turriziani [2].
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The single-crystal electron-diffraction patterns
of the two substances are compared in figure 1.

In both cases the reciprocal lattice shows the same
lattice distance and the same reflection arrange-
ment; only the distribution of intensities differs

(as to the distribution of intensities the lattice of
C2ASH8 has only monoclinic symmetry). The
great similarity of both diagrams confirms the as-
sumption that gehlenite hydrate should belong to
the group of the hexagonal layer structure typified
by C3A-Ca(OH)2-aq.

Buttler, Dent Glasser, and Taylor [3] have
found by X-ray determination for /3-C4AH13 the
value a=5.74 A, which complies with the electron
diffraction measurements. The a-axis of CaASHg

- •

Closure

M. H. Roberts

The contributions by zur Strassen and Schmitt
to the discussion are of considerable interest and
present new information.

The experiments on the stability of C3F-6H20
and C4F-14H20 show that while in the presence
of silica a stable hydi-ogarnet phase is formed
fairly readily, there appears to be no tendency for

C4F-14H20 in contact with satiu-ated lime solution

at room temperatm-e to transform into C3F-6H20
when silica is excluded. Nevertheless, it is still

possible that the latter transformation may occm-
more readUy at higher temperatiu-es, as is the case

for the conversion of C4A19H2O to CsA-GHzO.

as found by X-rays [1] is 0= 9.96 A= VSXS.ys A;
a few reflections of the X-ray powder diagram
which are not contained in the electron diffraction
pattern require a unit cell of triple size.
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However, in one recent experiment at the Building
Research Station it was observed that when a mix
of C4F-aq. in saturated lime solution was shaken
in a stainless steel tube for 2 weeks at 50 °C the
C4F-aq. was unaffected. Since under similar con-
ditions some conversion of C4A-19H20 to C3A-6H20
occurred in a few hom's, there appears therefore
to be a marked reluctance for C4F-aq. to convert
to C3F-6H20 in the absence of sUica. Tliis result

does not accord well ^vith the previous experiments
described in the principal paper in which some
conversion of C3F-CaCl2-aq. to pure CsF-BHoO
was thought to have been obtained in NaOH solu-

tions at 50° or 60 °C after only a few days. "While
it is possible that behavior in NaOH solutions is

different from that in lime solutions, it must be
noted, however, that there is now some doubt as

to whether silica was completeh' excluded in the
experiments using NaOH solutions. Recent anal-
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ysis of the solid phase obtained by treating

CsF-CaClz-aq. in N NaOH solution at 60 °C for

5 months showed that 0.3 percent Si02 was present.

This small amount of silica contamination may
have arisen from the brief contact of the NaOH
solution with a glass burette during the course of

preparation of the mix. Furthermore, the chloro-

ferrite preparations used may have contained

traces of silica, because they were prepared by
adding a mixed CaCL-FeCls solution to a NaOH
solution which again may have been contaminated
with traces of silica. On present evidence, there-

fore, it seems doubtful whether a CsF-OHbO
preparation completely free from silica has yet
been obtained, and it may well be, as concluded
by zur Strassen and Schmitt, that the C3F-6H20
structure is not stable without the presence of

some silica.

With regard to the silicoaluminate compounds,
the conclusion that the existence of CsA-CaSiOa-
I2H2O is doubtful is supported by Carlson [1] in

his discussion of another paper in this Symposium.
Similarly, the compound C3A-3CaSi03-32H20 does
not yet appear to have been firmly established.

Carlson and Berman [2] have indicated that it is

unlikely that Mohri [3] obtained this compound,
and furthermore showed that contamination with

CO2 may be a significant factor. This possibility

requires further examination, and the results of

further experiments on C3A-3CaSi03-32H20 will

be awaited with considerable interest. The re-

maining silicoaluminate, C2AS-8H20, appears now
to be well established, and the new results showing

limited substitution of up to about 0.3 mole of
aluminum by iron in this compound are of interest
in that they emphasize again that although solid

solutions are formed there is not necessarily com-
plete replacement of one ion by another. The
assumption that C2AS-8H20 belongs to the group
of basic crystal lattice structures typified by such
compounds as C3A-Ca(OH)2-aq., C3A-CaCl2-aq.,
C3A-CaS04-aq., etc., is confirmed by zur Strassen's
observation of a close similarity between the single

crystal electron difi^raction patterns of C2AS-8H20
and C4A-13H20. It seems that the value of the
a-axis is almost the same for the compounds of

this group, while the c-axis varies depending upon
the space requirements of the anion and the water
present. The limited single crystal X-ray and
electron diffraction observations which have been
made support the a-axis value of 5.75 A (or

V3X 5.75= 9.96 A) rather than the value of about
8.8 A which has also been reported for some of
these compounds. There is, however, a need for

further work to establish these structures and the
slight modifications brought about by changes in

the states of hydration.
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Paper III-Sl. Heat of Formation of Calcium Trisulfoaluminate at
25 °C*

H. A. Berman and E. S. Newman

Synopsis

Determinations were made of the heats of solution of 3CaO- Al203-3CaS04-31-33H20
and of less completely hydrated samples of the same compound in 2N HCl. The prepara-
tions containing 2-8H2O showed a continuous decrease in the heat of solution from — 180 to— 145 kilocalories per mole as the water content increased. A break occurred in the neigh-
borhood of 8H2O, followed by a continuous decrease between 8 and 33H2O from —145 to— 74.9 kilocalories per mole at 3IH2O and —72.4 kilocalories at 32H2O. The rate of change
of the heat of solution with increase in H2O content in the 31-33H20 region is 2.49 kilo-
calories per mole per mole H2O. From these values and from the heats of solution of 3CaO-
A1203-6H20 and CaS04-2H20 in the same acid solution, the heat of formation of the hydrated
calcium trisulfoaluminate from these compounds was calculated to be —46.11 kilocalories
per mole for a hydrate containing 3IH2O and —48.62 for one containing 32H2O. The heat
of formation of the hydrated trisulfoaluminate from the elements was calculated to be
— 4122 kilocalories per mole for 3IH2O and —4193 for 32H2O. A possible tendency for
CO2 to enter the crystal structure of the hydrated calcium trisulfoaluminate in a manner
similar to that of H2O is discussed.

Resume

On a fait des determinations de la chaleur de dissolution en 2A'' HCl de 3CaO-Al203-
3CaS04-31 — 33H2O et d'^chantillons de la meme composition de moindre teneur en H2O.
Les preparations contenant 2— 8H2O ont montre une decroissement continue de la chaleur
de dissolution de — 180 a — 145 kilocalories par mole lorsque la teneur en H2O s'est augment^e.
II y eut une discontinuite environ de 8H2O, suivie d'une decroissement continue entre 8
et 33H2O de —145 a —74.9 kilocalories par mole a 3IH2O et a —72.4 kilocalories a 32H2O.
La Vitesse de changement de la chaleur de dissolution contre I'augmentation de la teneur
en H2O dans la region 31 — 33H2O est de 2.49 kilocalories par mole par mole H2O. A partir
de ces valeurs et des chaleurs de dissolution de 3CaO- A1203-6H20 et de CaS04-2H20 dans
la meme solution acide, on a calcule pour la chaleur de formation du trisulfoaluminate de
chaux hydrate a partir de ces composes —46.11 kilocalories par mole pour un hydrate de
3IH2O et —48.62 pour un hydrate de 32H2O. On a calcule pour la chaleur de formation du
trisulfoaluminate a partir des elements —4122 kilocalories par mole pour un hydrate de
3IH2O et —4193 pour un hydrate de 32H2O. On envisage la possibility que le CO2 entre
dans la structure du cristal du trisulfoaluminate de chaux hydrate d'une fagon analogue h
celle de I'eau.

Zusammenfassung

Die Losungswarme von 3CaO-Al203-3CaS04-31 — 33H2O und von weniger wasserhaltigen
Proben derselben Komposition wurden in 2 A'^ HCl bestimmt. Die Losungswarme der 2— 8H2O
enthaltenden Praparate vermindete sich von —180 zu —145 Kilokalorien pro Mol (Kkal/
Mol) mit zunehmendem Wassergehalt. Ein Knick in der Kurve tritt bei ca. 8H2O auf;
zwischen 8 und 33 H2O, erfolgt ein kontinuierlicher Abfall von —145 Kkal/ Mol, sodaB
bei 31H2O ein Wert von -74.9 Kkal/Mol und bei 32H2O ein Wert von -72.4 Kkal/Mol
erreicht wird. Die Abhangigkeit der Losungswarme von der Wassergehaltszunahme
zwischen 31 und 33H2O ist 2.49 Kkal/Mol pro Mol H2O. Von diesen Resultaten und den
Losungswarmen fiir 3CaO- A1203-6H20 und CaS04-2H20 in derselben Salzsaurelosung wurde
die Formationswarme fiir das 3CaO- Al203-3CaS04-31 — 33H2O aus diesen Verbindungen
berechnet. Sie betragt —46.11 Kkal/Mol fiir ein Hydrat mit 3IH2O und —48.62 fiir eins

mit 32H2O. Die Formationswarme des Kalziumtrisulfoaluminathvdrats aus den Elementen
wurde berechnet und betragt -4122 Kkal/Mol fiir 3IH2O und' -4193 fiir 32H2O. Die
Moglichkeit dafi CO2 eine ahnliche Tendenz hat, wie Wasser, in die Kristallstruktur des
Kalziumtrisulfoaluminathydrats einzudringen, wird diskutiert.

•Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960.
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Introduction

Calcium trisulfoaluminate, 3CaO-Al203-3CaS04-
3I-33H2O [1],' is formed by the aggressive action

of sulfate waters on portland cement concrete and
is a reaction product of the hydration of the slag-

calcium sulfate cements used extensively in

Europe [2] because of their resistance to such

waters. Lerch's value of 149 calories per gram of

SO3 [3] for the heat of the reaction

3CaO-Al203-6HjO+3(CaS04-2H20) + 19H20^
3CaO-Al203-3CaS04-3lH20 (I)

appears to be the only thermochemical data for

the trisulfoaluminate in the literature. In the

present work, the heat of formation of calcium

trisulfoaluminate was calculated from measure-

ments of its heat of solution in HC1-26.61H20
(2.00A7' HCl at 25 °C.) and similar values obtained

by measurement or calculation for the reactants

in the above equation. The heats of formation

of the reactants were taken from Circular 500 [4]

of NBS.
The water content of this compound is variously

reported as SOHjO [5], 31H2O [1, 3, 6], 31.511,6

[7], 32H2O [8], and 3I-33H2O [9]. According to

Lefol [5], the water between 8 and 3OH2O is

loosely bound, and changes in water content are

Materials, Appar;

Preparation of the Sulfoaluminate

Ten samples of the calcium trisulfoaluminate

were prepared. Their properties and details of

their preparation are listed in table 1. Two
general methods were used to prepare them:
(a) The reaction between calcium sulfate solution

and a solution of calcium aluminate obtained by
shaking a high-alumina cement ^ with water

;

(b) the reaction between solutions of calcium
hydroxide and aluminum sulfate, sometimes in

the presence of calcium sulfate solution. With
the exception of the high-alumina cement, analyti-

cal reagents were used in all the preparations. In
the case of samples A and F, precautions were
taken to exclude atmospheric carbon dioxide
during every step of the process. The distilled

water used to dissolve the reagents was boiled to
expel dissolved gases. The flask was closed,

while cooling the boiled water, with a stopper
containing an inlet tube equipped with a CO2-
absorption bulb. The solutions were prepared
and the samples were precipitated, digested,
filtered, and conditioned in closed systems pro-
tected from the laboratory air. "C02-free" air ^

' Figures In brackets indicate the literature references at the end of this
paper.

2 The high-alumina cement had been heated overnight in air at 950 °C to
oxidize the sulfides present to sulfates,

3 Compressed air passed through moisture- and C02-absorbents. The
actual C02 content of this air may vary, depending on the rate of flow and
the history of the absorbent. In one case, where the "COj-free" air was
passed through the absorption tube of a COj-determination train overnight,

reversible, depending on ambient water vapor
pressure. Electron microscope studies by Astreeva
and Lopatnikova [6] show that part of the water of
crystallization may be driven off without destroy-
ing the crystal structure but with the formation of
intracrystalline voids. A study of this compound
must consider the variability of water content.
Calculations of the heat of formation have there-
fore been made for the hydrate at two compositions
31H2O and 32H2O.

It is appropriate at this point to consider briefly

the nomenclature of this compound and related
compounds. The terms sulfoaluminate, chloro-
aluminate, carboaluminate, etc., are subject to
question because they do not correctly represent

the relationship of the various atoms involved.

Although our knowledge of the crystal structure is

incomplete, it seems clear that the "sulfoalumi-

nates" might more correctly be called "aluminate
sulfates". In particular, the "hydrated calcium
trisulfoaluminate" might be more correctly called

"hexacalcium aluminate trisulfate hydrate". The
term "sulfoaluminate", however, has become
firmly established through many years of usage
and will be employed in this symposium paper
in preference to the more cumbersome exact

terminology.

US, and Procedure

was used to flush all containers and to transfer

water, solutions, or slurries into the stoppered
containers under pressure. For sample B, these

precautions were taken only during the filtration

and conditioning.

In general, the solutions shown in table 1 were
added alternately in small quantities or simultane-
ously in approximately stoichiometric ratios.

The reaction mixture was stirred magnetically
during the addition of the reagents and with a
current of "C02-free" air for several minutes
afterwards. The precipitates formed were digested

in the stoppered reaction flasks for various periods

(from 8 days for sample H to 9 months for sample
B), filtered on a Buchner funnel, and dried by
several methods: (a) Washing with alcohol and
ether, (b) conditioning over calcium chloride in an
evacuated desiccator (sample H)

,
(c) conditioning

over saturated MgCl2-6H20 in a closed desiccator

or in a desiccator through which a stream of

"C02-free" air previously bubbled through
saturated MgCl2-6H20 was passed (samples A,
B, F). Samples A, B, and F were conditioned
until their ignition loss at 1,000 °C. was constant,

a process which required about 2 to 2}^ months.
Before and after removing a portion of the sample

the tube showed no gain in weight. When C02-determinations were run on
sulfoaluminate samples, blank determinations prior to the runs showed
gains of 0,0 to 1,0 rag in 1 hr,, possibly from COz in the water and acid used

in the determination. When the water was not boiled in advance, but
taken directly from the distilled-water supply, the blank determination
occasionally showed a pickup of as much as 2,0 mg of CO2,
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Table 1. Preparations of 3CaO- Al2O3-3CaSO4-30-33H2O

Sample Designation
Method of preparation '

Heat of solution, —AH, calories per gram.

Average
Standard deviation of average.
Analysis, wt. percent CaO

AI2O3--.
SO3
CO2
H2O
SiOi

Mole ratios, CaO/AljOs--
SO3/AI2O3
CO2/AI2O3
H2O/AI2O3

Mole ratios of compounds (to AI2O3):
SCaO-AhOs- 3CaS04-nH20

where h = _

CaS04-2H20 _

CaC03

Ca(0H)2---.

A1203-3H20.

CO2

Weight percent purity

Heat of solution of 3CaO Al203-3CaSOi nH20,
-AH:
kcal. per mole..
cal. per gram...

^68. 1408
58. 2680
58. 4099
58. 3354
57. 8739
58. 7516
58. 2407

58. 289 58 665
. 120 262

26. 96 ±0. 02 26 70 ±0.02
8.23 ±0. 02 8 09 ±0. 017

19. 11 ±0.08 18 81 ±0. 09
0. 207 ±0. 014 0 24 ±0. 014

45. 44 45 82
0. 00 0 15 ±0.00
5. 957 ±0. 015 6 000 ±0. 014
2. 968 ±0. 014 2 960 ±0. 016
0. 058 ±0. 004 0 069 ±0. 004

31. 255 32. 053

0.986 ±0. 005 0. 987 ±0. 006
31. 666

0. 041 ±0. 032

0. 014 ±0. 005

0 017 1+0-032
\-0.017

72. 868

58. 343

158. 704
59. 533
58. 549
57.885
[58. 655

32. 425

0. 069 ±0. 004

0 Oj,
f+0.035

o-o^'
1-0. Oil

0.013 ±0.005

9.2

73. 7I5

58. 374

'69. 14

l59. 39

59. 26
0. 13

27. 17
8. 27

19. 38
1.16

44. 12

5. 972
2.984
0.322

30. 185

0. 995
30. 322

0.004

0. 005

0.318

73. 46o
59. 972

101.06

60. 84
61.96
61.67
[60.01

61, 11

0. 34
26. 63
8. 09

19. 32
0.29

45. 36

6. 152

3. 057
0.083

31. 726

1. OUO
31.600
0. 057
0.083

0. 012

76. 65o
61. 422

(59. 62
59.00
[58. 55

69. 06
0.31

27. 16

8. 20
18. 97
0. 91

44.78

6.021
2. 945
0. 257

30. 900

0.982
31. 466

0. 131

0. 126

98.5

73. 564

59. O63

/58. 0685
57. 1606
56. 6756
57. 5242
67. 6190
.67. 1509
66. 1170
57. 6998
57. 7546

l58. 0854
67. 387
0. 197
27.28
8.63

19. 10
0. 46

44.66
0. 00
5.747
2. 819
0. 123

29. 287

0. 940
30. 965

0. 109

0. 060

0. 014

71.262
57. 632

f60 45
68 65 62 43
68. 37 62 41
69. 53 62. 76

[61. 63

58. 85
0. 35

26.71
8. 12

18.66
1.53

45.88

6. 980
2. 927
0. 436

31. 972

0. 976
32. 768

0. 126

0. 310

97.9

76. 17o

59. 246

61.92
0. 42
27.06
8.64
19.16
1.49

43.86

5.760
2. 857
0. 404

29. 062

0. 952
30. 376

0.046

0.048

0. 358

97.7

77. 3I2

63. 067

;67. 47
166.32

50. 90
0.57
26.83
7. 96
19.60
0. 76

46. 18

6. 126
3.135
0.221

32. 114

0.997
31.913
0. 144

0.003

0. 221

97.3

74. 144

59. 14?

o Method 1: Aluminum sulfate solution added to calcium hydroxide solution (alternate additions).
Method 2: Calcium aluminate solution added to calcium sulfate solution; calcium hydroxide solution added later.

Method 3: Aluminum sulfate—calcium sulfate solution added to calcium hydroxide solution.
Method 4: Calcium hydroxide and aluminum sulfate solutions added to calcium sulfate solution.
Method 5: Aluminum sulfate solution added to calcium hydroxide solution; calcium sulfate solution added to the mixture (alternate additions).
Method 6: Calcium aluminate solution added to gypsum-lime solution; calcium sulfate solution added later.

Method 7: Calcium hydroxide solution added to aluminum sulfate—calcium sulfate solution.
Method 8: Calcium aluminate solution added to gypsum-lime solution.

from the closed chamber for the purpose of

determining ignition loss, the chamber was
evacuated and refilled with "C02-free" air.

X-ray diffraction patterns of samples A, B,
and F were obtained by the powder method on a
Geiger-counter diffractometer with copper Ka
radiation. The patterns are tabulated in table 2

and compared with data published by Fratini,

Schippa, and Turriziani [8]. Since the prepara-
tions obtained showed more peaks than the
published pattern, a series of possible c^-spacings

was calculated from the unit cell parameters
proposed by these authors. The close cor-

respondence between the observed and calculated

d-spacings is a measure of the purity of the
samples prepared and an indication of the im-
purities present in several instances where the

correspondence was not as good. The X-ray data
provide confirmation as well for the unit cell

parameters calculated by these authors.
The oxide analysis in table 1 was obtained by

duplicate or triplicate determinations for samples
A and B, and the precision of the analysis and of

the calculated mole ratios of the oxides (and of

compounds calculated from the oxides) was
determined. Duplicate or triplicate determina-
tions of CO2 content were made on all the samples.
The standard deviation for each of the oxide

analyses was obtained by pooling the variances
of analyses for samples A and B. The designation
and calculation of compounds present as impurities
was based on the phase equilibrium studies of Jones
[10] and of D'Ans and Eick [11] as discussed by
Eitel [12], and on optical microscopic examination,
chemical analysis, and X-ray diffraction patterns.

Preparation of the Gypsum

Fifty grams of plaster of Paris were dissolved in

distilled water at room temperature, stirred 1

min, and quickly filtered. Crystallization of

CaS04-2H20 occurred in the filtrate about 15

min after the beginning of the filtration. The
crystals were filtered, washed with alcohol and
ether, and dried in the laboratory air. Chemical
analysis gave the composition CaSO4-2.018H2O.

Preparation of Hydrated Calcium
Aluminate

Tricalciimi aluminate hydrate, 3CaO-Al203-
6H2O, was prepared by autoclaving 3CaO Al203
at 150 °C for several days, according to the method
of Thorvaldson, Brown, and Peaker [13]. The
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Table 2. X-Ray diffraction patterns of the SCaO-AloOa-
3CaS04-31-33H20 samples

Calculated

'

hkl

100
101

110
112

200

104
203

114
210

204
212

300
214

220
221

304
310

312
216

313
224
401
314
208

320
404
322

316

323
410
412
324
414

500
415

330
332
421

422
333

d, Ang-
strom
units

9. 734

8. 864

6,620
4. 978

4, 867

4.697
4. 024

3. 880
3. 679

3.604
3.480

3. 245
3. 034

2. 810
2.786

2. 776
2. 700

2. 618
2. 564

2. 526
2. 489
2. 418
2. 411
2. 348

2.233
2. 216
2. 186

2.154

2. 132
2.124
2.084
2. 061
1. 976

1. 947
1. 904
1. 873
1. 845
1.833

1. 813
1.812

Observed d-spacings,
Angstrom units

9. 774
8. 853

5.623
4. 979

b 4. 849

4.694
4. 020

3. 880
3.679

3.601
3.477

3. 241

3. 018
3.015
2.806

2. 776
2.696

2. 618
2. 565

2. 410
2.351

2. 232
2. 208
2. 184

2. 156

2. 130
2. 124
2. 082
2. 062
1. 976

1.946
1.903

1. 844
1.832

1.814
1.812

9. 817

8. 972

6.67
6. 01

b 4. 897

4. 729
4. 046

3.899
3.696

3. 494

3. 266
3. 030

2. 818
2. 788

2. 706

2.626
2. 573

2. 533
2.497
2. 417

2. 359

2.238

2. 191

"i'ieo"

2. 127

2. 087
2. 066
1.979

1. 951
1.906
1. 878
1.849
1.834

1.816

9. 861
9. 092
9. 036
5.647
4. 995

b 4. 897
4. 870
4.721
4. 053
4.035

3. 895
3.693
3.682
3.608
3.486

3. 246
0 3. 023

2. 815
2. 783

2.706
2.699
2. 621
2. 570

2. 412
2. 352

2.233
2. 212
2. 194
2. 186
2. 158

2. 126

2. 064
1.979

1.947

1.849
1.829

1. 813

» Calculated from the unit cell parameters published by Fratini, Schi ppa
and Turriziani [8].

b May be a line of A1203-3H20.
» May be a Ime of calcite, CaCOs.

hydrated aluminate was dried over potassium
hydroxide. Chemical analysis gave the com-
position SCaO-AlsOa-S.SSOHaO (plus 0.007 mole
CaCOs per mole as impurity). The anhydrous
aluminate had been prepared by repeated heating
of lime and alumina with intervening moistening
of the material to aid in dispersing the CaO, as

described by the same authors.

Heat of Solution Measurements

The heats of solution of the compounds were de-
termined in HC1-26.614H20 (2.00ArHCl at 25 °C).
A precision-type calorimeter, described by New-
man [14] was used. Since it was inconvenient to
prepare the sulfoaluminate in large quantities,

1-g samples of this compound were used with the
normal quantity of acid for the calorimeter, 600 g.
In accordance with equation 1, 0.4-g samples of
gypsum and 0.3-g samples of calcium aluminate
hydrate were used with the same quantity of acid.

Larger amounts of these compounds were also

employed to determine whether the greater
precision of a larger sample would be usable, in
view of the theoretical loss of some heat of dilution
due to the formation of a more concentrated solu-
tion. Although equation 5 below, used in cal-

culating the heat of the reaction, specifies that
the gypsum be introduced into the solution already
obtained by dissolving the calcium aluminate
hydrate in the acid, the gypsum was instead added
directly to the fresh acid. The effect of the
presence of calcium aluminate on the heat of

solution of gypsum is negligible, as shown by the
experiments of Newman with anhydrite [14, 15].

A heat of solution of —AH= — 12.75 ±0.34*
calories per gram was obtained for CaS04 pre-
viously ignited at 1,000 °C and dissolved in fresh

acid. When the same material was dissolved in

acid to which calcium aluminate had been added,
the heat of solution was —12.69 ±0.14. Since
the ions present are the same for anhydrite and
gypsum once they are in solution, the heat of

solution of gypsum should be unaffected by the
presence or absence of calcimn aluminate in the
acid solution, to the extent that the interaction

can be measured.

The heat effect of adding the 19 moles of water
appearing in equation 1 (or 20 moles when the

sulfoaluminate contains 32 moles of H2O) was
estimated as the partial molal heat content of

water in 2N HCl [4], neglecting the contribution

of the small amounts of other solutes present.

To determine the effect of the water content of

the calcium sulfoaluminate, portions of sample H
were dried by various means and their heats of

solution determined. The drying methods used

were: (a) Heating at 60 °C, 110 °0, 145 °C, and 200

°C; (b) drying over calcium chloride or sodium
hydroxide ; and (c) vacuum pumping with a dry-

ice-acetone trap.

Results and Discussion

Heats of Solution of the Preparations

The heats of solution obtained on the sulfo-

aluminate samples are shown in table 1, as well

as the heats of solution and water contents of the

pure 3CaO-Al203-3CaS04-7?H20 calculated from
the chemical composition of the sample itself.

The samples are listed in descending order of purity.

The heats of solution and water contents
obtained on the dried portions of sample H are

shown in table 3, together with similarly calcu-

lated heats of solution and water content of the

pure 3CaO-Al2Q3-3CaS04-7iH20.
4 The estimates of standard deviation quoted in this paper represent the

standard deviation of the average, using n—1 degrees of freedom.
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Table 3. Preparahons of 3CaO-Al2O3-3CaSO4-0-20H2O
(Dried preparations of sample H)

Sample Designation H-1 H-2 H-3 H-4 H-5 H-6 H-7 H-8 H-9 H-10 H-11

Method of drying:
Heated at (°C)

Conditioned over

Treatment time ..-

Heat of solution, —AH,
calories per gram

n= Molecules of H2O per molecule
3CaO-Al203-3CaSO,

Heat of solution of

3CaOAl203-3CaS04-nH20,-AH
kcal. per mole
cal. per gram

(") 60° 110°

CaCl2

34 days

77. 26

25. 756

90. 2I7

78. 955

NaOH

34 days

110. 95

17. 737

113. 588

113. 796

Suction

2 days

178. 48

7. 880

151. 275
184. 349

3 days

182. 51

7. 656

153. 950

188. 553

7 days

182. 74

7. 693

154. 27»

188. 786

8 days

143. 56

7. 436

120. 45o
142. IO5

13 days

102. 53

19. 066

107. 39,

105. 068

Ihr.

116. 25

16. 825

117. 123

119. 30i

2hr.

150. 17

11.170

136. Il6

154. 7O2

13 days

171.69

7. 794

145. 23i
177. 32;

35 days

168.28

7.715

142. lOi

173. 8O5

Sample Designation H-12 H-13 H-14 H-15 H-16 H-17 H-18 H-19 H-20 H-21 H-2'2

Method of drying:
Heated at (°C).. 145° 200°

Treatment time
Heat of solution, —AH,

calories per gram
71= Molecules of H2O per molecule
3CaOA]203-3CaS04

Heat of solution of

3CaO-Al203-3CaSOi-mH20,-AH
kcal. per mole
cal. per gram

45 min. 45 min. 1 hr. 1 hr. 1 hr. 20 hr. 1 hr. Vyi hr. 2hr. 5 days 13 days

168. 66 177. 73 182. 07 188. 67 183. 62 191. 06 219. 39 223. 18 226. 18 248.89 238.53

7.605 7. 445 5. 329 6. 105 6.938 6.140 4.246 3. 846 3.805 2. 068 2. 561

141. 78s
173. 83?

148. 92i

183. 23i

145. 775

187. 99o

153. 558

194. 72o

152. 193

189. 386

155. 629

197. 189

171. 28o

226. 825

172. 63?

230. 825

174. 795

233. 943

184. 599

257. 863

179. OI9

247. OOi

' Temperature unknown.

Table 4. Calorimeter calibrations Table 5. Reactants

Calibration.

Date.

Heat capacity of calorimeter, calo-

ries per ohm

Average _-_

Standard deviation of the average .

Samples determined

March
1956

5857.

4

5861.8
5860.

9

5855.

9

5856.

4

5861.9

5859. 05

1.01

fC,D, E,
G, H,
J, E,
and
H-1 to
H-22

November 1956

5851.47
5846. 27
5852. 77
5859. 16
5856. 46

5847. 47
5842.17

5850. 82

2. 25

B
CaS04-2H20
3CaO-Al203-

6H2O

April 1959

5838. 23
5842. 17
5840. 69
5839. 07
5840. 63
5838. 56

5842. 13

5840. 21

0. 61

A, F

Heat of solution, —AH calories per gram.

Average
Standard deviation of average.

Analysis, wt. percent CaO...
A1203-.
CO2....
H2O....
CaS04-

In figure 1, the heats of solution of both series

of samples are plotted against the water contents.

The inset in figure 1 is an enlargement of the

30 to 33 H2O portion of the main curve.

The heat capacities obtained in the calorimeter
calibrations are listed in table 4.

The heats of solution of the reactants, 3CaO-
A1203-5.859H20 and CaSO4-2.018H2O, are shown
in table 5.

Correction for Impurities

The calculated water contents and heats of

solution were obtained on the assumption that
that the impurities present were calcium hydroxide,
calcite, gypsum (CaS04-2H20), and hydrated
alumina (A1203-3H20). These assumptions are

based on the equilibrium studies of Jones and of

D'Ans and Eick [10, 11, 12] and the following

additional observations.

Mole ratios, CaO/Al203-
CO2/AI2O3-
H2O/AI2O3-.
H20/CaS0i

Mole ratios of compounds (to AI2O3):
3GaO-Al203-5.859H20
CaCOs
CO2

Heat of solution of the reactant, —AH
kcal. per mole
cal. per gram

C3A.6H2O

371.33
370. 40
369. 33
368. 18
369. 54
370. 13
369. 86
370. 33
368.44

369. 73
0.33

44.52
26.93
0.11

27.88

3.007
0.009
5. 859

1.000
0. 007
.002

139. 163±0. 12
370. 35i±0.33

CaS04.2H20

-32. 84
-33. 24
-32.93
-32 28
-32. 91
-33. 53

-32.955
0.17

21.08
78.92

2. 018

-5. 685=t0. 03
-32.955±0.17

The microscope showed small quantities of

calcite in samples A, B, and F, roughly in propor-

tion to the relative quantities calculated by chem-

ical analysis. It was particularly noted that the

visibility of the needles of calcium trisidfoalumi-

nate under crossed Nicols was also roughh" propor-

tional to the CaCOs calculated from chemical

analysis, and appeared to be caused by the entrap-

ment of minute particles of calcite in the needle

clusters or possibly by the growth of these clus-

ters on the calcite grains. The strong calcite line

at 3.035 A was observed in the X-ray patterns.
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Figure 1. Variation of the heat of solution of 3CaO- Al203-3CaS04-nH20 with
its water content, n.

The inset is a representation of 3O-33II2O area on an expanded scale, with the same units as in the
large figure.

# Closed circles represent all the preparations containing 3O-33H2O except sample H.
O Open circles represent sample H and the dried samples obtained from sample H.

Although it could have been a possible sulfo-

aluminate line at 3.034 A, the deviation of this

line in each pattern from 3.034 A was greater (or

in the opposite direction from) the deviation of

the rest of the observed pattern from the calcu-

lated lines. The presence of calcium monocarbo-
aluminate, 3CaO-Al203-CaC03-llH20, had been
suspected, but the main lines of this compound
(reported by Turriziani and Schippa at 7.74 and
3.79 A [16] and by one of the authors of this paper
at 7.57 and 3.78 A [17]) were not stronger than the
pattern background and no plates or edge views
of the monocarboaluminate were visible in the
microscope. Mixed samples of the trisulfoalumi-

nate and the monocarboaluminate were prepared
in which no tendency to form solid solution was
observed, although the possibility of solid solution

to a small extent is not precluded.
Although A1203-3H20 was not identified in the

microscope except possibly as small, irregular,

opaque particles, the X-ray line at 4.85 to 4.90 A
in the various patterns was a poor fit with the
rest of the sulfoaluminate pattern (as compared
with the calculated pattern), and is considered
to be a line of hydrated alumina [10]. In the
heat-of-solution experiments, an opalescent undis-
solved residue was observed in those samples in

which the analysis indicated free alumina, roughly
proportional to the quantity calculated. The resi-

due from one heat-of-solution determination of
sample F was filtered and ignited, and found to

be close to the weight expected from ignition of

the quantity of A1203-3H20 calculated as an im-
purity in the sample.
The X-ray line at about 8.85 to 9.09 A in the

three patterns could be attributed to the presence of

calcium monosulfoaluminate, 3CaO-Al203-CaS04-
12H2O, which has a strong line at 8.99 A [8]. It

has been attributed instead to the 101 plane of

the trisulfoaluminate, calculated as 8.86 A from
Fratini's unit cell parameters. The strong line

of the monosulfoaluminate at 4.48 A is absent from
the patterns and the presence of this compound
is doubtful.

In the two instances where the CO 2 content of

the sample was insufficient to account for all the

excess CaO (samples B and D), the latter was
calculated to Ca(0H)2. When excess SO3 and CaO
was present (samples D, J, and K), CaS04-2H20
was assumed to be present. Although no X-ray
or optical evidence was found for these two com-
pounds (their major X-ray lines conflict with
those of the sulfoaluminate), both assumptions are

in accordance with phase equilibrium data.

Carbon dioxide in excess of the quantity re-

quired to form CaCOs was taken as free CO2.
This assumption is discussed later in connection

with speculation on the possible constitution of

the sulfoaluminate hydrate.
The small quantity of Si02 in sample B (0.03

mole per mole AI2O3) is probably due to the long
period of digestion of the precipitate and alkaline
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mother liquor in a glass container (9 mo). Some
of the CaO in this sample, which has been at-
tributed to CaCOa and Ca(0H)2, may be present
as a calcium silicate. Inasmuch as there are many
possible compositions for calcium silicate hydrates,
the correction in this case would be uncertain.
A calculation based on the simple composition
CaO-Si02-H20 shows that the change in the cor-
rected heat of solution would be small, only 0.09
calories per gram or 0.13 kilocalories per mole of
sulfoaluminate.

It should be noted that the calculated standard
deviation for the molar content of minor impurities
is obtained from the standard deviation of the
content of major oxides. For this reason, the
calculated quantity of a minor constituent is on
occasion less than its standard deviation.
The calculation of the composition of a sample

and of the heat of solution of the pure sulfoalumi-
nate present in a sample is shown in the appendix,
with sample A as the example.

Heat of Solution of the Trisulfoaluminate

It is evident from table 1 and figures 1 and 2

that there is considerable scatter both in the
heat of solution and in the water content of the
various preparations, even after correction for

the impurities. This scatter is evident in individ-
ual determinations on each sample as well. The
following sources of scatter may be summarized:

(a) Variations in chemical composition and
water content within each sample. This source
was evident in the chemical analysis, particularly
in SO3 determinations.

(b) Variations in chemical composition between
samples. The correction for impurities may be
incomplete, particularly for interaction between
impurities and for the effect of CO2 in those
samples which contained an appreciable quantity.
Figure 2, in which the corrected heat of solution
in calories per gram has been plotted against the
weight percent purity, shows that even after cor-

rection there is a residual scatter which seems to

decrease as 100 percent purity is approached.
(c) The small heat of solution of the compound,

which produces a rise of only 0.1 °C in the calo-

rimeter. Although the temperatures can be read
to the nearest 0.00004 °C, the accumulation of

experimental errors in the calculation of corrected
temperature rise is capable of producing uncer-
tainties of 0.5 percent for the 0.1 °C rise.

(d) A residual variation, even among samples
low in impurities and especially low in CO2,
as in samples A, B, D, and F, which is difficult

to explain.

Figure 1 indicates that, for one sample {H), the
heat of solution decreases in a continuous manner
with increase in the H2O content in the 2 to 8H2O
range. There appears to be a discontinuity at

about 8H2O and then a continuous decrease in the
9 to 33H2O range. The 7 to 9II2O region is where
most investigators postulate the appearance of a
definite hydrate, the structure of which differs

1
1

1
1 1

per
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Figure 2. Relationship between heat of solution of the
preparations and purity.

• Closed circles represent samples included in the average.
O Open circles represent samples not included in the average.

from that of the 30 to 33H2O compound. Forsen's
hydrate [7] is at 7.5H2O, obtained by drying over
P2O5. Lefol's [5] is at 6.5 to 8H2O, depending on
ambient water vapor pressure. With the electron
microscope Astreeva and Lopatnikova [6] have
observed the delayed change in structure with
removal of water, but do not state the water con-
tent at which it occurs. Drying experiments
made in this laboratory resulted in a drop in
water content to about 20HoO for 60 °C, 8H2O for

110 °C, 6H2O for 145 °C, 2 to 3.5H2O for 200
°C, in general agreement with Lefol's data. The
X-ray diffraction pattern for a sample containing
23.OH2O was almost identical to the pattern for

the 32II2O sample except for an increase in the
intensity of the line in the vicinity of 3.49 A.
Patterns for samples at 11.3 and 8.3H2O were
different, however. The intense 9.8 A and 5.6

A lines had disappeared and new lines appeared
at 7.7 A and 6.1 A. For samples containing 6.6

and 5.3H2O, the largest of-spacing dropped stiU

farther to 7.4H2O. These results agree well with
Lefol's concept of a definite hydrate at 6.5 to

8H2O and also with his suggestion of an inter-

mediate hydrate between 8 and 3OH2O. Samples
ignited to OH2O showed their most intense line

at 3.5 A, probably indicating CaS04 (anhydrite),

and included no lines above 5 A.
The inset in figure 1, which is an expansion

of the main part of the figure in the 30 to 33H2O
region, shows no readily apparent trend for the

heat of solution versus WH2O in that range. The
scatter among the preparations, however, is

probably responsible for this condition. From
the main portion of the figm-e, the slope of the

curve for sample H in the 31 to 33H2O range is

—2.49 kilocalories per mole per mole H2O. Line
A in the inset represents this slope and the posi-

tion of the curve for sample H transferred to the

expanded figure. It is reasonable to suppose that

the slope for each preparation is the same as for

sample H, but that the curve is displaced ver-

tically in each case. For this reason, the average
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heat of solution and the average H2O content of

the preparations have been calculated, and frona

this pair of values a curve of heat of solution

versus %H20 has been drawn with the same slope

as for sample H.
To eliminate a major source of error, only the

results for the purest preparations have been
included in the average. As already stated,

there is still a residual dependence of the heat

of solution on purity. The uncertainty of the

CO2 correction (see the calculation in the appendix)

also made it desirable to include all the samples

with low CO2 content in the average. Two pairs

of averages were calculated, one set for the four

preparations low in CO2 (samples A, B, D, and
F), and one set which includes two additional

samples of equally high purity by weight (samples

C and E). The averages for the first set are

73.62 ±1.13 kilocalories per mole and 31.66 moles
H2O; for the second set 73.59±0.72 and 31.41.

(For all ten samples, the averages are 73.86 ±0.62
and 31.46.) The value — AH=73.60 kilocalories

per mole at 31.54 moles H2O was assigned to the

sulfoalimiinate, with a slope of —2.49 kilocalories

per mole per mole change in H2O content in the 31

to 33H2O range. Line B in the inset of figure 1

represents this slope and average for the heat
of solution versus WH2O.
The heat of solution of 3CaO-Al203-3CaS04-

31H2O is then — AH=74.94 kilocalories per mole,

and the figure for 3CaO-Al203-3CaS04-32H20 is

72.45 kilocalories per mole.

Heat of Formation of the Product From the
Reactants

The heat of the reaction

3CaO-Al2O3-5.859H2O+3(CaSO4-2.018H2O)
+ 19.087H2O^3CaO-Al2O3-3CaSO4-3lH2O (2)

or

3CaO-Al2O3-5.859H,O+3(CaSO4-2.018H2O)
+20.087H2O^3CaOAl2O3-3CaSO4-32H2O (3)

is calculated from the heats of solution of the
reactants and product as follows

For equation (2)

:

3CaO-Al203-5.859H20+1438.666(HCl-26.614H20)
^3CaCl2+2AlCl3+ 1426.666 (HC1-26.846H20)

—AH= + 139. 163 kilocalories (4)

3 (CaSO4-2.018H2O)+ 1426.666 (HC1-26.846H20)
->3CaSO4+1426.666(HCl-26.850412H2O)

-AH= - 17.054 kilocalories (5)

3CaCl2+2AlCl3+3CaS04
+ 1426.666(HC1-26.863791H20)
-^3CaO-Al203-3CaS04-3 IH2O
+ 1438.666(HC1-26.614H20)

—AH=— 74.94 kilocalories (6)

1426.666(HCl-26.850412H2O)+ 19.087H2O
^1426.666(HC1-26.863791H20)

—AH= +0.303 kilocalorie (7)

The heat of formation is the sum of the heat
effects of eqs (4), (5), (6), and (7), or —AH= 47.472
kUocalories per mole 3CaO Al203-3CaS04-3lH20.
By a similar calculation, the heat of formation

in eq (3) is —AH= 49.978 kilocalories per mole
3CaO-Al203-3CaS04-32H20.

Correction for the Water Content of the
SCaOMzOa-5.85^20 and the CaSO4-2.018H2O

These corrections are found by adding to the
heat of reaction for eqs (2) or (3) the heat of the
following reactions

:

3CaO-Al203-6H20^3CaO-Al203-5.859H20
+ O.I41H2O (8)

3(CaSO4-2H2O)+0.054H2O^3(CaSO4-2.018H2O).
(9)

These are very small corrections, approaching the
precision of the measurements. The error in the
heat of eq (8) will be small if the heat of the reac-
tion is assumed to be 0.141/6.00 times the heat of

hydration of anhydrous 3CaO-Al203 to the hexa-
hydrate.

Thorvaldson, Brown, and Peaker [13] have
reported the heat of this hydration to be—AH=214 calories per gram (or 57.8 kilocalories

per mole) of 3CaO-Al203 at 20 °C. In the absence
of data indicating a difference in the heat ca-

pacities of the hydrate and anhydrous 3CaO-Al203,
the efl^ect of transforming this value from 20 to

25 °G and from 20° calories to thermochemical
calories may be considered negligible. The
calculated correction is therefore —57.8X0.141/
6.00 or —1.36 kilocalories per mole 3CaO-Al203.
Assuming the analysis of the gypsum to be

accurate, the correction for gypsum may be
calculated from its heat of solution in water.
The correction for eq (9) calculated on this basis

is negligible, only —0.0009 kilocalorie.

If these corrections are applied, the heat of

formation of 3CaO-Al203-3CaS04-3lH20 from
3CaO-Al203-6H20, CaS04-2H20, and additional

H2O (eq 1) is -AH= 47.472 -1.36 or 46.11 Idlo-

calories per mole. For 3CaO-Al203-3CaS04-32H20,
the corrected value is 48.62 kilocalories per mole.

Heat of Formation

The heat of formation of the calcium sulfo-

aluminate is the sum of the heat effect of eq (1)

and the heats of formation of the reactants in that
equation [4], and is^lctQated as follows:
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ARt SCaO AlaOa-eH^O
ah;" 3(CaS04-2H20)
AH° 19H2O
AH SCaO-AlaOa-

3CaS04-3lH20
from these

reactants

AH° SCaO-AlsOs-
3CaS04-3lH20

1329.^ kilocalories

1449. 18 kilocalories

1298. 03 kilocalories

= —46. 11 kilocalories

= -4122. kilocalories

per mole.

By a similar calculation, the heat of formation
of 3CaO-Al203-3CaS04-32H20 is AHf°= -4193
kilocalories per mole. The calculated uncer-
tainty of each of these results, based on a standard
deviation for the heat of solution of 0.72 kilo-

calorie per mole for the sulfoalimiinate, 0.12 for

the 3CaO-Al203-5.859H20, and 0.09 for the
CaSO4-2.018H2O, is 0.74 kilocalorie per mole.
This value does not include the uncertainty in

the heat of formation of the reactants, which is

certainly of the order of 1 kilocalorie per mole for

the hydrated calciima aluminate, nor the uncer-
tainties due to the chemical analyses.

Role of Carbon Dioxide

Several of the preparations contained more
CO2 by chemical analysis than that equivalent

to the CaO available to form CaCOa, unless a

lower percentage of 3CaO-Al203-3CaS04-nH20
and large quantities of hydrated alumina and
gypsum were assumed to be present. The oxide

ratios, however, were in all cases close enough

to the stoichiometric ratios for calcium tri-

sulfoaluminate to make assumption of free CO2
more reasonable. Microscopic examination gen-
erally indicated the preponderance of the sul-
foaluminate needles.

The presence of more CO2 in complex calcium
compounds than can be accounted for as CaCOa
is not unusual. Gaze and Robertson report the
same observation in calcium silicate hydrate
(tobermorite) [18] and express the opinion that
CO2 may enter the inter-layer spacings in the
crystal structure. The variation in the water
content of the trisulfoaluminate without change
in structure as reported by different authors
[5, 6, 7] and observed in this work shows that
this structure can accommodate additional mole-
cules. It is possible that CO2 may play a role
similar to that of H2O. The related compound,
3CaO-Al203 CaC03-llH20, shows some tendency
for the sum of H2O and free CO2 to be constant,
although such a tendency was not observed in

these sulfoaluminate preparations.
If it is assumed that the free CO2 found in

the preparations is part of the molecule rather
than an impurity, there is no change in the
calculated heat of solution in terms of kilocalories

per mole. There is a change, however, in the
heat of solution in terms of calories per gram and
in the relative purity of the preparations. The
effect of purity on heat of solution in this instance
is shown in figure 3. The heats of solution tend
to congregate about the limiting lines of the
diagram, instead of spreading more^ or less uni-

formly between them as in figure 2. If the
six purest preparations in figure 3 (samples C,

o

—

.0—
o

PERCENT PURITY BY WEIGHT

Figure 3. The same plot as in figure 2, but with residual CO2 included in the

sulfoaluminate molecule.

The samples, and their corresponding purities based on this calculation, are:

C—99.9% E—98.9%
A—99.0 D—98.5

B—99.2 F—98.3
Q—99.0 (58.60 eal/g) J—98.0

H—99.0 (62.23 cal/g) K—89.9

# Closed circles represent samples included in the average for this calculation.

O Open circles represent samples not included in the average.

s In accordance with established practice, exothermic heats of formation are negative,
reaction were considered positive in the earlier portion of this paper.
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A, B, G, H, and E, in descending order of purity)

are used to calculate the average heat of solution,

the result is 74.35 kilocalories per mole and
31.69 molecules of combined H2O and CO2. It

is not certain whether these results or the arrange-
ment of figure 3 are significant, but it appears
that more investigation concerning the role of

CO2 in the complex calcium aluminate salts is

desirable. Regardless of the effect of CO2,
however, the heat of solution of 73.60 kilocalories

per mole for the 31.54 H2O hydrate calculated
above, as well as the heats of formation obtained
from this value, should be considered more
representative of the pure compound because it

was obtained largely from compounds low in

CO2 content.

Appendix

Calculation of the Impurities, H2O Content, and Heat of Solution of a Preparation of Calcium
Trisulfoaluminate

Sample A

From the mole ratios of the oxides (table 1),

the mole ratio of 3CaO Al203-3CaS04-wH20 to

AI2O3 is taken (in this case) as Yz the mole ratio

SO3/AI2O3, or 0.986, of which the equivalent CaO
is 5.916 and the equivalent AI2O3 is 0.986. The
excess CaO (5.957 - 5.916=0.041) is calculated

to 0.041 mole CaC03, which accounts for 0.041

mole CO2. The remaining CO2 (0.017) is taken
as free CO2. The remaining AI2O3 (0.014) is

assigned to A1203-3H20. The H2O in the AlaOg-

3H2O (0.042 mole) is subtracted from the total

H2O to obtain 31.213 moles H2O per mole AI2O3

or 31.213/0.986=71=31.656 moles H2O per mole
3CaO-Al203-3CaS04.
The heat of solution of each impurity is multi-

plied by its weight per mole AI2O3, the total sub-
tracted from the product of the heat of solution

of the sample and the total weight of the sample
per mole AI2O3. This result divided by the mole
ratio of sulfoaluminate to AI2O3 is the heat of

solution of the sulfoaluminate present in calories

per mole ; if this quotient is further divided by the

formula weight of the sulfoaluminate, the heat of

solution is obtained in calories per gram. Thus,

for sample A:

0.986 mole 3CaO-Al203-3CaS04-31.656H20
X 1248.93= 1231.445 grams

0.041 mole CaCOa X 100.09= 4.104 grams
0.014 mole A1203-3H20X 156.01= 2.184 grams
0.017 mole CO2 X 44.01= 0.748 gram

Total weight of sample
per mole AI2O3

Total heat of solution

per mole AI2O3
58.289 cal/gX 1238.481

Heat of solution of

CaCO3=4.104gX
83.72 cal/g

Heat of solution of

A1203-3H20 and of CO2

Net heat of solution of

sulfoaluminate per mole
AI2O3

Net heat of solution per
mole sulfoaluminate

71,846.2

= 1238.481 grams

= 72,189.8 calories

= 343.6 calories

= 0.0 calorie

0.986
Heat of solution of the

sulfoalumi-

nate per gram 71,846.2

= 71,846.2 calories

: 72,866 calories

1231.445
=58.343 calories
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The heat of solution of the AlaOs-SHjO was taken
as zero because it did not go into solution. The
physical and chemical state of the CO2 is uncertain
and no heat of solution is therefore included, but
its weight is taken into account. If it escapes
into the air, its heat contribution is minor; but
if it dissolves, the contribution is about 57 calories

per gram, a correction which, in the case of

sample A, amounts to only 0.04 kilocalorie per
mole and is within the precision limits of the heat-
of-solution determination. The heat of solution

of Ca(0H)2 was taken from the work of Wells and

Taylor [19], corrected for the fact that their figures
were in calories per gram CaO. The value used
for the heat of solution of CaCOs is the result of
a recent redetermination of this quantity in this

laboratory, to be reported more fully in a pending
publication [20].

The authors acknowledge with thanks the help
of Howard E. Swanson and coworkers, who made
the X-ray diffraction measurements, and R. M.
Senior, who performed much of the early calori-

metric work and prepared the dehydrated samples.
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Paper III-S2. The Composition of Ettringite in Set Portland Cement*

H. G. Midgley and D. Rosaman

Synopsis

X-ray powder diffraction patterns and differential thermograms of synthetic calcium
sulfo- and hydroxyaluminate hydrates of known chemical composition were recorded and
compared with the X-ray spacings and peak temperatures of the "ettringite" phase in set
Portland cement.

Using the calibration curves for X-ray spacing and normalized peak temperature
obtained from the synthetic compounds, the composition of the "ettringite" phase in setting
Portland cements has been determined.

For three cements it was found that the phase first precipitated was very near to the
pure calcium sulfoaluminate hydrate composition, but as the cements were stored for longer
periods the composition changed, the solid solution containing more of the calcium hydroxy-
aluminate hydrate.

Resume

L'expos6 pr^sente des diagrammes de diffraction des rayons X h travers de la poudre
et des thermogrammes diff^rentiels d'hydrates synth^tiques de sulfo- et hydroxy-aluminate
de calcium de composition chimique connue. lis sont ensuite compares aux espacements
des rayons X et aux temperatures des crochets des courbes pour la phase "ettringite" dans
le ciment Portland pris.

La composition de la phase "ettringite" dans des ciments Portlands en train de prendre
est d^termin^e par des courbes d'^talonnage pour I'espacement des rayons X et la temperature
normalisee du crochet obtenue 4 partir des composes synth6tiques.

On trouva que pour trois ciments la phase precipit6e d'abord 6tait tres proche de la
composition du sulfo-aluminate de calcium hydrate pur. Mais a mesure que les ciments
etaient conservfe pendant de plus longues periodes, la composition changeait et la solution
solide contenait une plus forte proportion d'hydrate d'hydroxy-aluminate de calcium.

Zusammenfassung

Rontgendiagramme von Pulvern und Differentialthermogramme der synthetischen
Kalzium-Sulfo- und Hydroxyaluminathydrate bekannter chemischer Zusammensetzung
wurden aufgezeichnet und mit den Rontgenbeugungslinien und den Spitztemperaturen ftir

die sogenannte Ettringitphase im abgebundenen Portlandzement verglichen.
Bei Anwendung der EJchkurven ftir die Rontgenbeugungslinien und der normalisierten

Spitztemperaturen der synthetischen Verbindungen war man in der Lage, die Zusammen-
setzung der sogenannten Ettringitphase im abbindenden Portlandzement zu bestimmen.

In drei Zementen wurde gefunden, da(5 die zuerst prazipitierende Phase beinahe die
Zusammensetzung des reinen Hydrats des Kalziumsulfoaluminats hat, dafi aber, wenn die
Zemente fiir langere Zeiten abgelagert wurden, die Zusammensetzung sich verandern wiirde,
sodafi die feste Losung mehr Hydrat des Kalziumhydroxylaluminat enthalt.

Introduction

The mineral ettringite occurs in set portland
cement as a result of the reaction between the
hydrating calcium aluminates and the calcium
sulfate. It was first observed by Candlot, a,nd

since it is formed in large quantities during the
destructive attack of sulfate solutions on cement
mortars and concretes it has been called the
"cement bacillus." The usually accepted formula
for ettringite is 3CaO-Al203-3CaS04-32H20,
although Kalousek [1]' has suggested that there

is a solid solution between 3CaO-Al203-3CaS04-aq.
and 3CaO-Al203-3Ca(OH)2 aq. and a solid solution

between the "low sulfate" sulfo-aluminate
3CaO-Al203-CaS04-aq.;and3CaO-Al203 Ca(OH)2aq-

•Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the Buildingr Research Station,
Department of Scientific and Industrial Research, Watford, England.

' Figures in bracliets indicate the literature references at the end of this
paper.

Of these compounds 3CaO-Al203-3CaS04aq.,
3CaO-Al203-CaS04aq., and 3CaOAl203 Ca(OH).vaq.
are well established. 3CaO-Al203-3Ca(OH)2-aq.
was first described hy Flint and Wells, [2] who
did not give any X-ray powder data but described
it as having a pattern indistinguishable from
that given by 3CaO-Al203-3CaS04-aq.

It had been noticed by the present authors
that the X-ray pattern given by the ettringite

phase in set portland cement mortars and con-
cretes had d values a little lower than those for

the pure calcium sulfoaluminate hvdrate, and
also the temperature of the differential-thermal-

analysis peak was higher than for the pure
compound.

This paper is a report on the investigations

undertaken to find an explanation for these

differences.
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Methods

The two methods used in this investigation

were X-ray powder diffraction and differential

thermal analysis (DTA). The X-ray analyses

were carried out with cylindrical Debye-Scherrer

cameras, diameter 10 cm. or 11.4 cm. ; the radiation

used was Cobalt K alpha filtered with iron foil.

The long spacing at about 9.7 A was found to be

of most use.

The differential thermal analyses were carried

out with ceramic crucibles, chromel-alumel ther-

mocouples, alpha alumina as the inert substance,

and a heating rate of 10 ± 1 °C/min.
Thermograms for some of the compounds

likely to be met with in this investigation are

given in figure 1. The problem of specifying

the temperature of the peak for each of the sub-

— Temperature, °c

Figure 1. Differential thermograms of pure calcium
aluminate salt hydrates

Portland

Table 1. Normalized peak temperature and d value of long
spacing of ettringite phase in set portland cernent cured at

18 °C in water

Age 1 day 7 days 14 days 28 days 3 mo. 6 mo.

Normalized peak T
°C_ 136 144 149 152 156 156

d A.. 9. 75 9. 75 9. 73 9.67 9. 65 9.63

stances was solved in the following manner.
Samples of the pure compounds were diluted
with alpha-alumina, a known weight was placed
in the DTA crucible and the analysis was carried
out. From the thermograms it was discovered
that for any one substance the following relation-
ship between the peak area and the peak tem-
perature existed; T=a + 6 In ^, where T is peak
temperature in °C, a and b are two arbitrary
constants, and A is the area of the peak. This
means that peak temperatures may be compared
in relation to some arbitrary area; for this inves-
tigation 1,000 sq mm was used, and the corre-
sponding temperature is called the normalized
peak temperature. The results for the compounds
met with in this investigation are given in figure 2,

from which it may be seen that an unknown
substance present in a mixture at an unknown
concentration may be identified by finding on
which of the curves it lies.
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Figure 2. Peak area and peak temperature for calcium
sulfo- and hydroxyaluminate hydrates

Cements

A series of DTA and X-ray examinations of

a set Portland cement of different ages was carried

out. From a series of DTA's of different di-

lutions, the set of curves given in figure 3 was
obtained.
The normalized peak temperatures of ettringite

for a series of set portland cements stored at 18 °C
in water are given in table 1.
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The normalized peak temperature of ettringite

is shown to increase with age of storage. This
change in peak temperatme could be caused by
two factors: by a change in the grain size of the

ettringite crystals, or by a change in the com-
position of the ettringite phase. X-ray powder-
diffraction analyses of the same cements gave
the d values for the longest spacing as in table 1.

This result would seem to support the view that

there is a change in composition of the ettringite

solid solution. It has not been possible to sepa-

rate the ettringite phase from the cement, so

analysis was impossible. An attempt was there-

fore made to discover the identity of the solid

solution responsible for the change in the X-ray
pattern. The compounds investigated included
C3F-3CaS04-aq., C3ACaS04-aq., and C4Aaq.
The normalized peak temperature (from figure 2)

and the d values are given in table 2.

Table 2

Normalized
Compound peak tem- d

perature

A
C3F-3CaS04-32H20 - 111 9. 78

C3A-CaS04-12H20^__ 224 8.95
^C3A.Ca(0H)2l2H20 200 7.94

None of these compounds fitted the data given

by the ettringite solid solutions in set portland

cement.
Another possible compound is CgA-aq. (or

C3A-3Ca(OH)2-aq.) which may be regarded as

ettringite having all its sulfate ions replaced by
hydroxyl ions. This compound was first de-

scribed by Flint and Wells [2] who said that its

X-ray pattern was almost indistinguishable from
that of ettringite, although they gave no detailed

X-ray or DTA data.

4000

2000

1000

eoo

GOO

400

5
5 200

d
in

« 100
4
UJ SO

4. £0

i ^0
UJ
Q.

t

"

/ . <

80 90 100 110 120 iso uo iso iso 170 180

Peak temperature (correct)^ °c

Figure 3. Plot of peak area vs. peak temperature of

ettringite in cement No. 555

All attempts by the present authors to prepare
this compound were unsuccessful.

Attempts were also made to prepare mem-
bers of the solid solution C3A-3CaS04aq.-
C3A-3Ca(OH)2-aq. by preparing a lime-sugar
solution containing 16.6 g CaO/1, adding 1.45 g
and 0.38 g of gypsum respectively to two separate
450-ml portions and then adding 450 ml of calcium
aluminate solution to each. The calcium alumi-
nate solution was prepared by shaking 10 g of
"Secar 250" white high-alumina cement with 1

liter of air-free distilled water for 24 hrs at 25 °C.
The filtered solution gave the following analysis;
1.026 g CaO/1 and 1.815 g AI2O3/I. After shaking
the reactants in polyethylene bottles for 7 days,
the white precipitate was filtered off and chemi-
cally analyzed. Differential thermograms and X-
ray powder-diffraction patterns of each solid were
recorded after the solids had been stored over
saturated ammonium sulfate (R.H. 81 percent)
for one week. The two compounds E and F
produced the following data: (table 3).

Table 3

Component

Molar ratios

E F Ettringite
(theoretical)

CaO — 5. 50
1.00
2. 58

5. 96
1.00
2.72

6.0
1.0
3.0

AI2O3- -

SO3

X-ray diffraction, dh.

9. 70 9.75 9.75

Normalized peak temperature, °C

140 135 130

These results indicate that there is a solid solution,

at least part of the way, between C3A-3CaS04-aq.
and C3A.3Ca(OH)2-aq.
A relationship between the normalized peak

temperatures and composition of these pure
compounds can be obtained, figiire 4. From this

relationship the formula of a solid solution of

unknown composition may be inferred from the

differential thermogram. To check the validity

of this assumption, the composition of six "ettring-

ites" in a setting portland cements were obtained
in this manner; the values of the long spacing on
the X-ray diffraction pattern were also obtained.

The results of change in X-ray d value and compo-
sition are given in figure 5 and are in reasonable

agreement, indicating that the composition given

by DTA cannot be very far out.

This method of obtaining the compositions of

the "ettringite" phase in setting portland cement
has been carried out on three cement types; a)

normal 545, b) rapid hardening 549, and c) sulfate

resisting 555. The results of this composition

determination in relation to the age of the set

cement are given in figure 6.
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All samples show the same trend; the ettringite

first produced is nearest to the pure sulfate end
member, but with increasing time of hydration
the ettringite phase becomes more substituted by
hydroxy end member.

°<

O SYNTHETIC
ETTRINGITES

X ETTRINGITES IN

CEMENT 555
COMPOSITION
FROM D. T A,

0 10 20
100 90 80
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70

40% C3A-3Co(OH)2-aq
60% Cj A-3Ca SO^- oq

90 30 "70

ETTRINGITE COMP - % 50
50 Cj A'JCaSO^-aq,

Figure 4. Relationship between normalized peak tempera-
ture of endotherm and composition of ettringite solid

solution.

FiGUBE 5. Relation of d value for longest spacing of
ettringite solid solutions to composition.
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Figure 6. Change in composition of ettringite composition
with age of set portland cements.
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Paper III-S3. The Temperature Coefficient of the Rate of Hydration
of i3-Dicalcium SiHcate*

John H. Taplin

Synopsis

A synthetic preparation of ^-C2S was hydrated at 25 and 43 °C. Possible rate-deter-
mining processes are discussed by using the particle-size distribution and assuming spheres.
It is found that, except for the initial part of the reaction, a rate-determining process involving
the transport of material through the hydration products is more consistent with the observed
kinetics than is a process at the /S-CaS surface. The apparent activation energy is 18 kcal/
mole.

Resume

On a proc6d^ k I'hydration k 25 et 43 °C d'une preparation synthMque de /J-CaS.
Discussion est faite des m^thodes possibles pour determiner la vitesse, au moyen de la dis-
tribution par dimensions des particules et en supposant qu'elles soient sph^riques. II en
r^sulte que, exception faite pour la partie initiale de la reaction, une m^thode de determination
de la vitesse impliquant le transport de mat^riaux k travers les produits d'hydration est plus
logique par rapport a la cin^tique observee que ne Test une m6thode k la surface de /3-C2S.

L'activation apparente de I'^nergie est de 18 kcal/mole.

Zusammenfassung

Ein synthetisch hergestelltes /3-C2S wurde bei 25 und bei 43 °C hydratisiert. Die
Prozesse, die moglicherweise die Geschwindigkeit bestimmen, werden an Hand von
Teilchengrofienbestimmungen besprochen, wobei es angenommen wird, daC die Teilchen
kugelformig sind. Es wurde gefunden, daC, mit Ausnahme des Reaktionsbeginnes, ein
geschwindigkeits-bestimmender ProzeB, bei welchem ein Materialtransport durch die
Hydratisierungsprodukte angenommen ist, den beobachteten kinetischen Verhaltnissen
besser entspricht, als ein Vorgang an der Oberflache des jS-CaS. Die scheinbare Akti-
vierungsenergie ist 18 Kal/Mol.

Introduction

Brunauer and Greenberg [1] ^ have discussed the

temperature coefficient of the rate of hydration of

C3S and 18-C2S. The apparent activation energies

of about 2 kcal/mole which they quote are much

less than those obtained by us. This paper de-
scribes an experiment with a preparation of

;8-C2S, which illustrates the evidence for higher
temperature coefficients.

Experimental

Materials

The /S-CgS was prepared by repeated firing to

1400 °C of a stoichiometric mLxture of calcium

carbonate and precipitated silica, together with

0.5 percent of boric oxide. The preparation gave
a negative result when tested for free lime by
White's reagent. At least 95 percent of the prep-

aration had a refractive index above 1.698.

The sand was an 18-to-25 B.S.S. mesh, washed-
quartz sand from Leighton Buzzard, England.

Particle- Size Distribution

The was ground in a ball mill and then

subjected to air elutriation and the coarse material

removed. The remainder was used to make the

•Fourth International Symposium on tlie Chemistry oi Cement, Wash-
ington, D.C., 1960. Contribution from the Cement and Refractories Section,

Commonwealth Scientific and Industrial Research Organization, Melbourne,
Australia.

1 Figures in brackets indicate the literature references at the end of this

paper.

specimens. The particle-size distribution of this

material was determined microscopically using

Feret's diameter [4] as the criteria of classification.

The particle-size distribution was determined in

two stages. Particles less than 0.5 n were neg-
lected. In the fu'st stage particles were classified

into groups which had a range of 1.0 n, starting

from 0.5 n. In this manner it was established

that 1.1 percent of the material by weight had a

diameter less than 2.5 n. In the second stage

particles were classified into groups with a range
of 2.0 ju starting from 2.5 The results of the

two counts were combined, with the following

result:

Mean diameter (m) 1.5 3.5 5.5 7.5 9.5 11.5 13.5 15.5 17.5
Weight percent 1.1 8.3 17.8 20.9 12.7 13.2 8.5 13.0 4.6

The major uncertainty in this size distribution

resides with the large particles. By scanning
additional fields it was estimated that the 17.5 m
fraction was, if anything, overestunated.
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Specimens

All specimens were right rectangular prisms
having dimensions 4:X}iX}i in., formed from
1:1 mortars of ^-C2S and sand. The specimens
with a water/C2S ratio of 0.27 were produced by
tamping [2], and those with a water/C2S ratio of

0.474 by casting in a steel mold.

The specimens were cured in individual

stoppered tubes to which excess curing water was
added as soon as the specimens started to harden.

The specimens reached their curing temperature

within an hour of mixing.

Strength

The compressive strength was measured by a
method which has been described [3]. These

strengths are quoted in units of force because the
area stressed is uncertain although it is constant.

Hydration

The extent of the hydration reaction was
estimated as follows. The larger fragments from
the strength test were dried under vacuum and
placed in a test tube. The mouth of the tube
was drawn out to form a short capillary tube in

order to minimize the rate of reabsorption of
moisture on cooling. The tube and contents were
heated to 120 °C for 22 hr and, after cooling and
weighing, to 650 °C for several hom-s. The
weight loss per gram of C2S was corrected for the
weight loss of the unhydrated C2S (0.0059) and
taken as a measure of the amount of C2S hydrated.
This measure is designated h/C. (It should not
be confused with the similar but different measure,
H/C, described in reference [3]).

Rate-Determining Processes

It is instructive to consider some of the possible

rate-determining processes. The paste hydra-
tions of C3S and (8-C2S are heterogeneous reactions

characterized by solid reactants which are par-

ticulate and by reaction products which form a
cohesive network and occupy a greater volume
than the clinker minerals. Those products which
are inside or outside the original boundaries of the

clinker mineral particles have been designated
inner and outer products respectively [3]. The
following three types of process may control the

rate at some stage of the reaction : (a) the rate of

transport of some substance through the inner

products, (b) the rate of transport of some sub-
stance through the outer products, and (c) the

rate of a reaction at the clinker-mineral surface.

In each case it wUl be assumed that the concentra-
tions in solution remain constant.

Resistance to Flow Through the Hydration
Products

It is convenient to treat (a) and (b) type proc-
esses together for they are, perhaps, better re-

garded as extreme examples of a single type of

process in which the rate is controlled by the

rate of transport of clinker material outwards or of

water inwards. In general, the specific resistance

of the inner products wiU differ from that of the
outer products, either because they are formed at

different concentrations of the substance whose
flow is rate-determining, or because only the
inner products are formed on the clinker-mineral

siu'face, which might influence their structure.

A mathematical treatment for an isolated

spherical particle is indicated below.

r=the radius of the spherical particle.

i''=the fraction of the particle reacted.

t=th.e ciu"ing time.

^=the specific resistance of the inner prod-
ucts.

o= the specific resistance of the outer prod-
ucts.

c=the concentration or pressiire difference

which drives the transport process.

?;=the resistance.

j'=the ratio of the volume of the outer
products to that of the inner products.

At the appropriate stages of the analysis the equa-
tions for type (a) and (b) processes will be obtained
by introducing the conditions 23>o and i<^o
respectively.

From the geometry of a sphere
thickness of inner products=?"[l — (l — F)'^'^]

thickness of outer products =r[(l-\- vF) — 1
]

For a small amount of further reaction dF
increase in thickness of inner products

increase in thickness of outer products
= vrdFI?>{\-^vFy'^

the new layer of inner products has an area
^Trr\\-Fy'^

the new layer of outer products has an area
^Tr\\ + vFyi\_

The increase in resistance of the inner products
due to the extra reaction dF is

dm^irdFmi-Fy'^Airr^X-FY'K

After simplifying and integrating from 0 to F

r„=i[l -{1-F) ''^/iwril-F)

and similarly for the outer products

r,,=o[{l + vFy'^-l]/iTrr{l+ vFy'\

The total resistance ri= ''li'\'Vo-

The rate of reaction per unit original volume
of particle is

dF/dt=3c/r,4:Trr\
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Now, the condition for process (a) amounts to

ri^rji so that for the rate controlled by the resist-

ance of the inner products

dFldt=Zc{\-Fyi^lir^ [l-{\-Fy'^] (1)

and similarly for the rate controlled by the resist-

ance of the outer products

dF/dt=3c(l+ vF) ''^/or'lil+ vF) "^-1]. (3)

Rearranging the full expression for dF/dt

{Vi+Vo)dF=Scdt/4:Trr^

and after integrating (assuming F=0 when <=0)

i[l- (1 -F) 2/3- 27^/3]+ (o/p) [\+2vF/3
-il+ vFy'^]=2ct/r\

After again applying our conditions for processes
(a) and (b) for the rate controlled by the resist-

ance of the inner products

l-il-Fy-2F/3= 2ct/ir^ (2)

and for the rate controlled by the resistance of
the outer products

l-\-2vF/3-{l+ vFy'^=2i'ct/or'. (4)

If the particle is not isolated so that the outer
products merge with the outer products of other
particles, then the situation is more complicated.

Results and

Figure 1 is a plot of compressive strength
against h/C for the water/C2S ratio of 0.27. It is

assumed that essentially the same reaction occurs
at 25 and 43 °C, because the hydration products
develop the same strength.

Figure 2 shows the hypothetical reaction rela-

tions for the three rate-determining processes dis-

cussed above; i.e., the rate is limited by a process
at the C2S interface, by the flow of material
through the inner products, or by the flow of

material through the outer products. The curves
are obtained by summing the contribution of each
size fraction at a particular time. It is assumed
that the particles are spheres with the experimental
particle-size distribution. In applying eq(4) it is

assumed that V= 1

.

The curve for the rate limited by a process at

the interface will plot as a straight line in the form
log (l-F) against penetration distance (and conse-
quently against time). Figure 3 is a plot of this

kind. A straight line is obtained for the data at

a water/CaS ratio of 0.474 if h/C at complete
hydration is assumed to be 0.20. This result can
be interpreted as a penetration rate of 6X10~* ju

per hr at 25 °C. In order to obtain straight lines

for the data at a water/C2S ratio of 0.27, it is

necessary to assume h/C at complete hydration
is 0.17. However this rate-determining process

cannot explain the influence of water/C2S ratio.

The points in figure 2 corresponding to the rate

However, the resistance of the inner products is

not affected, and provided the particles are not
packed too closely the kinetics will not be very
different from eq (4). For uniform spheres in
cubical packing (octahedral coordination) it can
be shown that, for v=l, the following relation
holds approximately in place of eq (4)

F'oct/r'.

This relation corresponds to behavior inter-
mediate between eqs (2) and (4) and is in fact the
relation applicable to a plane surface.

A Process at the Clinker Mineral Surface

If the rate depends on some process at the sur-
face of the clinker mineral, so that the rate is

proportional to the surface area, then the reaction
will penetrate into particles at a constant rate.

For a sphere, if the penetration rate is K
dF/dt^ZKil-FY'^/r (5)

and
l-{\-Fy'^=Kt/r. (6)

Because eqs (1) and (3) predict an infinite rate
at F=Q we see that a surface reaction will be slower
at the very beginning of the reaction and, because
of the different dependence of the rate on the
radius, it will remain as the slower process for a
greater fraction of the reaction if the particles are
smaller.

Discussion

limited by the flow of material through the outer
products are close to the relationship, i^^ propor-
tional to time. The hydration data are tested
against this relationship in figure 4. A better fit

is obtained by assuming an induction period of

250 hr at 25 °C. This assumption is reasonable
in view of the very obvious induction periods
obtained with other preparations of 18-C2S [1, 5].

Thus it appears likely that the flow of material
through the hydration products does determine
the rate, except at the beginning.-

The apparent activation energy calculated from
figure 3 or figure 4 is 18 kcal/mole. This is much
greater than the 2 kcal/mole quoted by Brunauer
and Greenberg [1] but more consistent with the
value of 10 kcal/mole obtained by us [5] for port-

land cement paste. It may be significant that a
value of about 10 kcal/mole is obtained by extra-

polating the permeability activation energy data
of Powers [6] to the porosity of cement gel (0.28).

Activation energies of above 10 kcal/mole have
been obtained in this laboratory for two more
preparations of /3-C2S. Two preparations of C3S
(alite composition) behaved in different ways.
The temperature coefficient for the first prepara-
tion was initially very large but decreased as the
reaction proceeded, eventually becoming negative.
The second preparation gave a more constant
temperature coefficient corresponding to an acti-

vation energy of about 10 kcal/mole.
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Figure 1. Data for a waterjQiS ratio oj 0.27 showing that

the relationship between compressive strength and hydra-
tion is not affected by curing temperature.

10 100

TIME - EACH CUBVE IN ITS OWN ARBITRARY UNITS

Figure 2. A plot of log fraction reacted against log curing
time.

The fraction reacted is calculated for various hypothetical rate-controlling

processes assuming spherical particles with the experimental size distribution.
The straight line represents the relation: square of fraction reacted propor-
tional to time.

Figure 3. Plots to test the empirical relation: log fraction
not reacted, proportional to penetration distance, propor-
tional to time.

X=Fraction not reacted, calculated for the rate controlled by a process
at the surface, assuming spherical particles with the observed size distribu-
tion.

Log (0.20 - h/C) versus curing time for water/CjS = 0.474 and 25 °C
O Log (0.17 — A/C) versus curing time for water/C2S = 0.27 and 25 °C
A Log (0.17 — h/C) versus curing time for water/CjS = 0.27 and 25 °C

004 I I 1

200 1000 5000

CURING TIME - HOURS

Figure 4. The experimental data tested against the

relation: square of the fraction reacted proportional to

time, by plotting log h/C versus log time.

A Water/CjS ratio of 0.474, 25 °C
O Water/C2S ratio of 0.27, 25 °C

Water/CjS ratio of 0.27, 43 °C
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Paper III-S4. Hydraulic Properties and Hydration of Glasses of the
System CaO-AlA-SiO,*

F. W. Locher

Synopsis

In the ternary system CaO-Al203-Si02 some 45 glasses were melted with CaO contents
between 36 and 52 percent, AI2O3 contents between 9 and 56 percent, and SiOj contents
between 3 and 55 percent. Some of these glasses contained in addition 5 percent of MgO.
The glasses, which had been ground to a uniform specific surface of 4000 cm^/g, were activated
with Portland cement clinker (blast-furnace cement), with anhydrite (slag-sulfate cement)
and with calcium hydroxide (lime-slag cement), and tested in the form of small mortar
bars.

The hydrauUc strengths rise with an increasing AI2O3 content, reach a maximum, fall
sharply with a further increase in the AI2O3 content, and then rise again with a still higher
AI2O3 content to a second maximum. Beyond this second maximum follows a second
minimum and, in fields with less than 10 percent of Si02, the maximum alumina cement
hardening.

The X-ray diffraction determinations of the hydrate phases showed that in glasses
with medium AI2O3 contents gehlenite hydrate, 2CaO-Al203 Si02-8H20, occurs as a strength-
forming hydrate phase. The three maxima of hydraulic strength occurring in the ternary
system CaO-Al203-Si02 are caused, therefore, by the formation of calcium silicate hydrate
in the field of high Si02 and lower AI2O3 contents, of calcium aluminate hydrate in the field
with low Si02 and high AI2O3 contents, and of calcium silicoaluminate hydrate (gehlenite
hydrate) in the field of medium Si02 and AI2O3 contents.

In the hardened cements gehlenite hydrate is not stable but is transformed while
absorbing CaO into a hydrogarnet whose composition approximately conforms to the formula
3CaO- Al203 Si02-4H20. The MgO content promotes this transformation.

In the hardened glasses with AI2O3 contents of less than 18 percent the X-ray pattern
revealed only very little gehlenite hydrate in addition to slight amounts of calcium aluminate
hydrate. As the lime content of the glasses is not adequate to form aluminate hydrates
rich in lime it must be assumed that, irrespective of the kind of activation, the AI2O3 content
of the glasses poorer in alumina is also bound in the gehlenite hydrate and that the errors
in the determinations by the X-ray diffraction method must i3e attributed to the poor
lattice arrangement of the gehlenite hydrate. The assumption of the formation of gehlenite
hydrate in the hardening glasses and technical slags tallies with the practical behavior
of the slag-bearing cements towards sulfate solutions. It could be demonstrated that
gehlenite hydrate is resistant to sodium sulfate and calcium sulfate solutions, but that it

disintegrates in lime-rich sulfate solutions while forming ettringite. Gehlenite hydrate
is also nonresistant to magnesium sulfate solutions.

According to the results of the investigations, the effect of the activators is to contribute
to the formation of a liquid phase of favorable composition out of which the dissolved con-
stituents of the slag can be precipitated again in the form of strength-forming hydrates
of various kinds. Due to the precipitation of the hydrate phases, the solvent effect of the
liquid phase is retained.

Resume

Environ 45 verres du systeme ternaire CaO-Al203-Si02 furent fondus, les teneurs en
CaO variant de 36% a 52%, les teneurs en AI2O3 variant de 9% a 56%, et les teneurs en
Si02 variant de 3% a 55%. Certains de ces verres contenaient de plus 5% de MgO. Les
verres, qui avaient ete pulverisfe en une surface specifique uniforme de 4000 cm2/g, furent
actives avec du clinker de ciment Portland (ciment de haut-fourneau), avec de I'anhydrite
(ciment de laitier sulfate) et avec de I'hydroxide de calcium (ciment de laitier a la chaux).

La resistance hydraulique s'eleve avec une augmentation de la teneur en AI2O3, atteint
un maximum, tombe brusquement avec une augmentation supplementaire de la teneur
en AI2O3, et puis s'eleve de nouveau a un second maximum avec une teneur encore plus
forte en AI2O3. Au dela de ce second maximum fait suite un second minimum et, quand
on a moins de 10% de Si02, le durcissement maximum du ciment alumineux.

Les determinations des phases d'hydrate par diffraction des rayons X indiquerent
que dans les verres avec une teneur moyenne en AI2O3 un hydrate de gehlenite, 2Ca0-Al203-
Si02-8H20, se produit sous forme de phase d'hydrate g6n^rative de resistance. Les trois

maxima de resistance hydraulique qui se produisent dans le systeme ternaire CaO-Al203-
Si02 sont done causes par la formation d'hydrate de silicate de calcium quand on a une
forte teneur en Si02 et une faible teneur en AI2O3, d'hydrate d'aluminate de calcium avec
une faible teneur en Si02 et une forte teneur en AI2O3, et d'hydrate de silico-aluminate de
calcium (hydrate de gehlenite) avec des teneurs moyennes en 8162 et en AI2O3.

Dans les ciments durcis, I'hj'drate de gehlenite n'est pas stable mais se transforme,
tandis qu'il absorbe CaO, en un hydrogrenat dont la composition r6pond approximativement
a la formule 3CaO Al203 Si02-4H20. La teneur en MgO contribue a cette transformation.

'Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from Forschungsinstitut der Zementindustrie,
Diisseldorf, Germany.
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Dans les verres durcis a teneur en AI2O3 inf^rieure k 18% la diagramme aux rayons X
ne r6v61ait que tres peu d'hydrate gehl^nite en plus d'une 16gere quantity d'hydrate d'alumi-
nate de calcium. Comme la teneur en chaux des verres n'est pas suffisante pour former des
hydrates d'aluminate riches en chaux, il faut supposer que, ind^pendamment du genre d'acti-

vation, la teneur en AI2O3 des verres les plus pauvres en alumine est ^galement trouv^ dans
I'hydrate de gehlenite et que les erreurs de determination par la m6thode de diffraction des
rayons X doivent etre attributes a I'arrangement imparfait du rdseau de I'hydrate de gehle-
nite. La supposition de la formation de I'hydrate de gehlenite dans les verres et laitiers

techniques en train de durcir Concorde avec le comportement pratique des ciments de laitier

dans des solutions de sulfate. On pourrait dtmontrer que I'hydrate de gehlenite est resistant
aux solutions de sulfate de sodium et de sulfate de calcium, mais qu'il se dtsintegre dans les

solutions de sulfate riches en chaux, formant alors de I'ettringite. L'hydrate de gehlenite
n'est pas resistant non plus aux solutions de sulfate de magnesium.

Suivant les rtsultats des experiences, I'efTet des activateurs est de contribuer k la forma-
tion d'une phase liquide de composition favorable hors de laquelle les constituents dissous
du laitier peuvent etre prtcipites de nouveau sous forme d'hydrates de difftrentes sortes et
g6nerateurs de resistance. A cause de la precipitation des phases d'hydrate, I'effet dissolvant
de la phase liquide est maintenu.

Zusammenfassung

Im Dreistoffsystem CaO-Al203-Si02 wurden etwa 45 Glaser erschmolzen mit CaO-
Gehalten zwischen 36 und 52%, Al203-Gehalten zwischen 9 und 56% und Si02-Gehalten
zwischen 3 und 55%. Einige dieser Glaser enthielten zusatzlich 5% MgO. AuCerdem
wurden 4 technische Hochofenschlacken in die Versuche einbezogen. Die auf eine einheitliche
spez. Oberflache von 4000 cm^/g gemahlenen Glaser und Schlacken wurden angeregt mit
Portlandzementklinker (Hochofenzement), mit Anhydrit (Sulfathiittenzement) und mit
Calciumhydroxyd (Kalkschlackenzement). Die hydraulischen Festigkeiten steigen an mit
zunehmendem Al203-Gehalt, erreichen ein Maximum, fallen mit welter steigendem AI2O3-
Gehalt schrofF ab, um bei noch hoheren Al203-Gehalten zu einem zweiten Maximum anzu-
steigen. Jenseits dieses zweiten Maximums folgt ein zweites Minimum und in Bereichen
mit weniger als 10% Si02 das Maximum der Tonerdezementerhartung.

Rontgenographische Bestimmungen der Hydratphasen zeigten, daB in Glasern mit
mittleren Al203-Gehalten Gehlenithydrat, 2CaO- Al203 Si02-8H20, als festigkeitsbildende
Hydratphase entsteht. Die drei im Dreistoffsystem CaO-Al203-Si02 auftrete^iden Maxima
der hydraulischen Festigkeit werden also hervorgerufen durch die Bildung von Calcium-
silikathydrat im Bereich hoher Si02- und geringerer Al203-Geha]te, von Calciumaluminathy-
drat im Gebiet mit geringen Si02- und hohen Al203-Geha]ten und von Calciumsilicoalumi-
nathydrat (Gehlenithydrat) im Bereich mittlerer Si02- und Al203-Gehalte.

In den erharteten Zementen ist Gehlenithydrat nicht bestandig, sondern wandelt sich

unter Aufnahme von CaO in einen Hydrogranat um, dessen Zusammensetzung ungefahr
der Formel 3CaO-A]203-Si02-4H20 entspricht. Der MgO-Gehalt fordert diese Umwandlung.

In erharteten Glasern mit Al203-Gehalten unter 18% war rontgenographisch nur sehr
wenig Gehlenithydrat neben geringen Mengen Calciumaluminathydrat nachzuweisen. Da
zur Bildung kalkreicher Aluminathydrate der Kalkgehalt der Glaser nicht ausreicht, muB
angenommen werden dalS auch der Al203-Gehalt der tonerdearmeren Glaser unabhangig von
der Art der Anregung im Gehlenithydrat gebunden wird und dal5 die Fehler der rontgeno-
graphischen Bestimmung auf die schlechte Gitterordnung des Gehlenithydrats zuriickzu-
ftihren sind. Die Annahme der Gehlenithydratbildung in den erhartenden Glasern und
technischen Schlacken steht im Einklang mit dem praktischen Verhalten schlackenhaltiger
Zemente gegeniiber Sulfatlosungen. Es konnte gezeigt werden, daB Gehlenithydrat gegen-
iiber Natriumsulfat- und Calciumsulfatlosungen bestandig ist, daC es sich jedoch in kalk-
reichen Sulfatlosungen unter Ettringitbildung zersetzt. In Magnesiumsulfatlosungen ist

Gehlenithydrat ebenfalls instabil.

Nach den Untersuchungsergebnissen wirken die Anregerstoffe in der Weise, daB sie zur
Bildung einer giinstig zusammengesetzten fliissigen Phasen beitragen, aus der die gelosten
Bestandteile der Schlacken moglichst schnell in Form von erhartungsfahigen Hydraten
verschiedener Art wieder ausgeschieden werden konnen. Durch das Ausfallen der Hydrat-
phasen bleibt die losende Wirkung der fliissigen Phase erhalten.

Introduction

Simply composed glasses of the ternary system

CaO-Al203-Si02 have often been used to find

a connection between the chemical composition

of blast-furnace slags and their hydraulic prop-

erties. Mention may here be made of the works
of F. Keil and F. GHle [1], T. Tanaka, I. Sakai,

and J. Yamane [2] and S. Solacolu [3] K As these

investigations had been exclusively concerned

with the hardenability of the glasses, it was now
intended to establish the reactions which produce

the hydraulic properties.

1 Figures in brackets indicate the literature references at the end of this

paper.
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Hydraulic Properties

Preparation of the Glasses

The glasses were melted in the manner indicated
by W. Dyckerhoff [4] with an acetylene-oxygen
flame from mixtures of reagent-grade basic sub-
stances, and the drops of the melt were quenched
in water. The glass sand thus obtained was dried
and ground to a specific surface of 4,000 cm^/g.

Figure 1 shows the chemical composition of

these 33 glasses in their position in the ternary
system CaO-Al203-Si02. The melts are ar-

ranged in foiu- series according to their CaO
content, i.e.. Series 10 with a CaO content of

52.5 percent. Series 10a with 50 percent of CaO,
Series 20 with 44 percent of CaO, and Series 30
with 36 percent of CaO. Between these series lie

a number of other glasses which were used only
for the strength investigations. To investigate

the influence of the magnesia content of the glass

on the hydraulic properties, fifteen additional
glasses, designated M in figure 1, were melted
with an MgO content of 5 percent, the constitu-

ents CaO, AI2O3 and Si02 being proportionately
reduced.

Activation of tlie Glasses

The ground glasses were activated in three

different ways:
1. with 18 percent of portland cement clinker and

5 percent of gypsum (blast-furnace-slag

cement)

,

2. with 15 percent of anhydrite and 2 percent of

Portland cement clinker (slag-sulfate cement)

,

3. with 10 percent of Ca(0H)2 Gime-slag cement).

Hydraulic Properties

The properties were tested by the small-scale

testing method described by F. Keil and F. Gille

[5] on small mortar bars (1X1X6 cm). The
findings of these investigations have already been
published [6].

Figure 2 shows the results of the strength tests

of the glasses activated with clinker, in the form
of lines of similar compressive strength. It is

seen that between the area of the silicatic harden-
ing of blast-furnace cement with Si02 contents of

about 30 percent and the area of the alimiinatic

hardening of glasses poor in silica, there lies a third

area of high strength with Si02 contents of about
20 percent and AI2O3 contents of about 37
percent.

Figure 3 represents the strength behavior of aU
the glasses with 44 percent of CaO, i.e., without
MgO, at the top, and with an MgO content of 5

percent below. In the top part of the figure the
eiu-ve clearly shows the three high-strength areas

and the very poor hardenability of glasses 23, 23b
and 24a with about 27 to 34 percent of AI2O3. It

can also be recognized that these glasses show
considerably higher strengths where activation is

accomplished with Ca(0H)2 than with clinker

5.

Figure 1. Chemical compositions of the synthetic glasses

presented in the ternary system CaO-AUOi-SiOi.

Figure 2. 28-day values of the compressive strengths of
glasses of the ternary system CaO-AhOi-SiOz, activated with

Portland cement clinker.
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activation. Similarly favorable effects in this

area are obtained with an MgO content of 5
percent. With sulfate activation these glasses,

comparatively poor in lime, i.e., with 44 percent
of CaO, achieve only low strengths. An MgO
content of 5 percent improves the hydraulic
properties, particularly in glass 22M.

Figure 4 indicates the strengths of the glasses

with 50 percent of CaO. One recognizes the very
high strengths of glass 12a with 20 percent of

AI2O3 and 30 percent of Si02 and the low strengths
of glass 12b with 24 percent of AI2O3 and 26 per-

cent of Si02. As in the case of the glasses with
poor hardenability, 23, 23b, and 24a with 44
percent of CaO, the hydraulic properties are also

improved in glass 12b when it is activated with
Ca(0H)2, or when the glass contains 5 percent of

MgO. In the lime-rich glasses with 50 percent
of CaO, sulfate activation also produces very high
strengths.

It is seen from the strength development (fig. 5)

that glass 12b from the field of low strengths also

possesses hydraulic properties, but that it hardens
only very slowly when activated with clinker,

while activation with Ca(0H)2 results in rapid
hardening and produces very high strengths.

Furthermore, the figure reveals that the strength
development of this glass is greatly accelerated by
an MgO content of 5 percent.

The results of the present investigations indi-

cated a "most favorable" glass composition for

all kinds of activation of 50 percent of CaO, 31
percent of Si02, and 19 percent of AI2O3. Similar
results have already been published by T. Tanaka,
I. Sakai, and J. Yamane [2].

Possible Explanations of the Hardening
Behavior

The strength investigations revealed that in

certain areas of the chemical composition there

are abrupt changes in the hydraulic properties of

the glasses. In order to clarify the causes of this

behavior, the investigation started from the follow-

ing conceptions of hydraulic hardening: The
capacity of certain compounds to harden hydrau-
lically presupposes that these compounds react

with water or with hydrous solutions and form
strength-giving hydrates. Here it is essential

that the anhydrous compounds dissolve and that

the hydrates separate again out of this solution.

Assuming such a reaction there are the following

two possibilities of explaining the afore-mentioned
abrupt changes of the hydraulic properties.

Either the dissolution behavior of the glass

changes erratically or erratic changes will be
established in the formation of the hydrate
phases. These two possibilities were investigated.

Behavior of the Glasses in Basic Ammonium Citrate Solution

To investigate the dissolution behavior, a
number of glasses with particularly good and with
very poor hydraulic properties were agitated in a
ten-percent basic ammonium citrate solution
according to the method described by F. Keil and
F. Gille [7]. At fixed intervals they were filtered,

and CaO, AI2O3 and Si02 were determined in the

filtrate. The residue was suspended in a fresh

solution and agitated again. The investigations

showed that the solubility of the glasses changes
continuously and not erratically if Si02 is replaced

by AI2O3. Consequently, there is no connection
between the behavior of the glasses in ammonium
citrate solutions and their hydraulic properties.

Formation of the Hydrate Phases

Investigations

It followed, therefore, that the explanation for

the hydraulic behavior of the glasses was to be
found in the formation of the hydrate phases.

For this reason it was necessary to determine the

hydrate phases in hardened neat mixtures of glass

and activators by the X-ray diffraction method.
The neat mixtures hardened both in pastes
(W/C= 0.4) and also suspended in calcium hydrox-
ide solutions, and these suspensions contained 10 g
of the glass-activator mixture in 150 ml Ca(0H)2
solution. The phases present in the hydrated
mixtures were first qualitatively determined. No
calcium silicate hydrate could be found. Only
the X-ray lines of ettringite were revealed, which
was formed from the gypsum added in clinker

activation, and the lines of tetracalcium aluminate
hydrate, gehlenite hydrate, hydrogarnet, and
calcium hydroxide. Ettringite and gehlenite hy-

drate were then determined quantitatively by the

X-ray diffraction method, with fluorspar as an
internal standard. In the same way the portion

of the activators which had not yet taken part

in the reactions was also determined.

Results of the X-ray Diffraction Investigations

The patterns of the X-ray determinations
showed that with activation with clinker and
calcium hydroxide first of all tetracalcium alumi-
nate hydrate occurs, and that it is formed in

greater amounts when activation is with calcium
hydroxide than with clinker activation. It appar-
ently occurs predominantly in the glasses rich in

lime and poor in alumina.
Gehlenite hydrate (2CaO-Al203-Si02-7?H20)

forms primarily in the alumina-rich glasses whose
chemical composition approaches that of gehlenite.

The quantitative determinations showed that in

the glasses containing MgO, considerably less

gehlenite hydrate was formed than in the MgO-
free glasses.
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Hydrogarnet could be ascertained mainly in the

glasses which also contained a large amount of

gehlenite. The hydrogarnets which occurred in

the hydration of these iron-free glasses are phases
from the solid-solution series

3CaO-Al203-6H20 3CaO-Al203-3Si02

Ca3Al2(H,20,2) Ca3Al2(Si30i2).

In such solid-solution series, the interatomic dis-

tances in the crystal lattice change continuously

with the chemical composition, and these can be
measured by the X-ray diffraction method. The
connection between the lattice spaces and the

Si02 content of hydrogarnet was determined by
H. zur Strassen [8]. For the hydrogarnet oc-

curring here, a chemical composition was de-

termined corresponding to the formula: BCaO-
Alo03-Si02-4H20. A comparison with the formula
of gehlenite hydrate, 2CaO-Al203-Si02-8H20 shows
that the two formulas only differ in the CaO con-

tent, if the water content is disregarded. It might
be assumed, therefore, that the hydrogarnet was
formed from the gehlenite hydrate while absorbing
CaO, that is to say, that in the presence of CaO
gehlenite hydrate is not stable. A similar result

was obtained by the investigations of H. zur
Strassen [8] who showed that when shaken in

saturated calcium hydroxide solution gehlenite

hydrate disappears and hydrogarnet occurs.

The Silicoaluminatic Hardening

In order to be able to assess the content of hy-
drogarnet, various mixtures were prepared from
gehlenite hydrate and a hydrogarnet which con-
tained 1 mole Si02 per formula unit. Figure 6

shows the hydrogarnet lines in the mixtures in

comparison with the same lines in the hardened
test specimens. It is seen that the glasses 24 and
24M, activated with calcium hydroxide, contain

about 60 and 80 percent respectively of hydro-
garnet after 90 days hydration. The X-ray dif-

fraction determination of the gehlenite hydrate
content for these two glasses gives values of 21

and 5 percent (glass 24M); that is to say, both
samples consist of more than 80 percent of geh-
lenite hydrate or a hydrogarnet which was a
secondary formation from gehlenite hydrate. As
these two phases contain all the available Si02,

the hydraulic strength cannot be attributed in

this case to the formation of calcium silicate hy-
drate. In these glasses, therefore, gehlenite

hyarate is the strength-forming phase.

This result of the investigation leads to the
following conclusion: The results of the strength
investigations, as presented in figure 2, reveal

three fields of high compressive strength. We
know that in the glasses that contain a large

amount of silica and little alumina the hydraulic

hardening is due to the formation of the calcium
silicate hydrate. It is also known that in the

field of alumina cement the hardening is due to

the formation of calcium aluminate hydrates poor
in lime.

The present investigations now show that the

high strengths obtained by the glasses with
medium contents of sUica and alumina were
caused by gehlenite hydrate. Between the areas

of the "sUicatic" and the "aluminatic" hardening,

therefore, lies the field of the "sUicoaluminatic"

hardening. Gehlenite hydrate is not stable in the

presence of calcium hydroxide, but changes into

hydrogarnet while absorbing lime. It may be
assumed that the strength of the hardened ce-

ment is reduced by this transformation. This

change probably accounts for the decrease in

strength which can be observed particularly clearly

for glass 24M, i.e., for the glass in which an ex-

tremely high content of hydrogarnet was
determined.

x-ray diffraction lines of hydrogarnet
Bv en
532 521 532 521

\_

35% hydrogarnet

1
65%gehlenite hydrate

60% hydrogarnet

W%gehlenite hydrate

i
30%hydrogarnet

lO%gehlenitetiydrate

i

30 days

90 days

15 no IS 10

x-ray diffraction angle

Figure 6. Hydrogarnet lines in the X-ray diagrams of a
number of hydrated samples and in mixtures of gehlenite

hydrate and hydrogarnet of the composition SCaO-AkOr
SiOr4HiO.

Sample 24Mca with 5 percent of MgO contains less gehlenite hydrate and
more hydrogarnet than the MgO-free sample 24ca with an otherwise sim-
ilar chemical composition.

272



The Aluminate Phase in the Hardened Glasses
Poorer in Alumina

In the paste hardening of the glasses poorer in

alumina, gehlenite hydrate occurs only in very
small amounts, up to about 3 percent. With
clinker activation it could be found only after 28
days, while with anhydrite activation it was not
found at all. If the mixtures of glass and acti-

vators was hydrated in suspension, that is to say,

with a high excess of water, gehlenite hydrate was
formed in every case, also with sulfate activation.

For this reason it is assumed that in the hydration
of the glasses poorer in alumina the major portion

of the alumina is also bound in the gehlenite hy-
drate, though the latter crystallizes so badly that
it can only be established in small amounts in the
X-ray pattern.

This assumption is supported by the following

finding: The content of free calcium hydroxide,
which was determined in the hardened glasses and
slags after curing in water for 3, 7, 28, and 90 days,
changes only slightly with progressive hydration.
Thus the diagrams in figure 7, for instance, show
that in the hardened glasses 12a with the maximum
strengths and 12b with very poor hydraulic prop-
erties the content of free calcium hydroxide
remains approximately the same, while the con-
tent of nonevaporable water (water that escapes
above 110 °C) increases, that is to say, hydration
progresses. Figure 7 shows furthermore that

with lime activation the content of free calcium
hydroxide varies only slightly around 10 percent.
As 10 percent of calcium hydroxide was added to
the anhydrous glass, there has been no decrease
in the content of free calcium hydroxide.

These investigations |show that in the harden-
ing of the glasses the lime of the activator is not
used to form the hydrate phases. In all hydrate
phases, therefore, only so much lime can be bound
as was available in the glass alone. Glass 12a,

which yielded the maximum strengths, contains
1.8 moie CaO per mole of Si02. In the calcium
silicate hydrate phase which is formed with the
hydration of these silica-rich glasses, the molec-
ular ratio CaO/Si02 is very probably about 1.5.

Only a very small amount of lime, therefore,

would be available for the binding of the alumina.
It might be assumed, therefore, that part of the
sUica is bound not only to lime but, together
with alumina and lime, forms gehlenite hydrate.
These considerations are valid both for activa-
tion with clinker and also for lime and anhydrite
activation.

It may be reckoned that part of the alumina
is taken up into the calcium sUicate hydrate
phase, in the form of mixed-layer crj^stal struc-

tures of calcium silicate and gehlenite hydrate
layers. Similar mixed-layer crystal structiu-es

are possessed by numerous clay minerals. The
absence of X-ray lines of aluminate hydrate
phases might be explained in this way.
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The Behavior of Gehlenite Hydrate in Sulfate-
Bearing Solutions

According to investigations carried out by G.
Malquori and V. Cii"illi [9, 10], gehlenite hydrate
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Figure 8. Sections from the X-ray diagrams of an un-
treated gehlenite hydrate sample and of gehlenite hydrate
samples which were agitated for 4 weeks in Na2S0i solu-

tion, saturated gypsum solution, lime-saturated gypsum
solution, and MgSOi solution.

is not stable in lime-saturated gypsum solutions
and forms ettringite. This finding was con-
firmed by H. zur Strassen [8]. If it is assumed
that gehlenite hydrate occurs in major amounts
not only in the hydration of the glasses used
here but also in the hardening of slag-bearing
cements, these cements must be expected to

have only a very low resistance to sulfate. How-
ever, as the practical behavior reveals just the
opposite, it might be concluded that no gehlenite

hydrate is formed in these cements. As G.
Malquori and V. Cirilli investigated the behavior
of gehlenite hydrate only in a lime-satm-ated
gypsum solution, similar experiments were made
with a saturated gypsum solution, a solution

saturated with calcium hydroxide and gypsum,
a 0.15-molar Na2S04 solution, and a 0.15-molar
MgS04 solution, 3g of gehlenite hydrate being
agitated for 4 weeks in 1 liter of solution.

The X-ray pattern of the investigation (fig. 8)

revealed that the gelalenite hydrate was trans-

formed into ettringite in the solution saturated
with gypsum and calcium hydroxide and disinte-

grated in the MgSOi solution, but that it was
stable in the gypsum solution and in the Na2S04
solution. Applying this information to practical

conditions, one would arrive at the following
conclusions: If gehlenite hydrate is the sole

aluminate phase in the hardened blast-furnace
cements, these cements are stable in sulfate

solutions if the solutions are poor in lime and
free from MgS04 and if the hardened cement
contains little free calcium hydroxide. Further-
more, it follows that the resistance of the blast-

furnace cement to sulfate is influenced very

largely by the amount of the clinker content

and only to a secondary degree by the AI2O3

content of the slag.

The Progress of Reaction in the Hardening of the Glasses

Activation of the Glasses

The high strengths in three different fields of the
ternary system CaO-Al203-Si02 were attributed
to the formation of calcium silicate hydrate,
gehlenite hydrate, and calcium aluminate hydrate.
In these fields the afore-mentioned phases were
primarily formed during hydration. The probable
explanation is that in the field between the
"silicatic" and the "silicoaluminatic" hardening,
neither the calcium silicate hydrate nor the
gehlenite hydrate can form rapidly and that the
glass therefore hydrates slowly.

The effect of the activators can be similarly
explained. Glasses and slags alone do not hydrate
and harden, or if at all, only slowly, that is to say,
they do produce a solution, in which, however,
strength-forming hydrate phases cannot form
quickly enough. By the addition of an activator
the chemical composition of the solution is so
changed that the substances dissolved out of the
slag can rapidly form strength-producing hydrate
phases.

The Progress of Hardening of Slag-Containing
Binding Agents

The following pattern emerges for the progress

of the hardening: The reactions of cement harden-
ing proceed in a system that contains a large

amount of cement and very little water. The
water, in which parts of the cement are dissolved,

coats all the particles of the system, that is to say,

also the yet unhydrated particles of the cement,
with a very thin liquid film, the so-called inter-

granular film. Hydration reactions of the yet
unhydrated cement and the formation of the

hydrate phases proceed in the intergranular film,

that is to say, in the immediate vicinity of the

original cement grains. The solution which forms
the liquid film is not saturated in respect to the

anhydrous cement but is supersaturated in respect

to the hydrate phases. The more rapidly the

hydrate phases are precipitated, and the lower,

therefore, the concentration of the substances to

be dissolved, the more rapid is the dissolution of

the anhydrous cement. If no hydrate phases are
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precipitated, the concentration increases in the
solution phase, and hydration of the anhydrous
cement ceases. The activators of latent hydraulic
binders have therefore only the task of adjusting
the concentration conditions in the solution in

such a manner that the dissolved substances can
be precipitated again as quickly as possible in the
form of strength-forming hydrates.
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Discussion

H.-G. Smolczyk

The excellent paper of Dr. Locher has been
of great interest for the Forschungsinstitut fiir

Hochofenschlacke at Rheinhausen, for it is a
valuable development towards basic problems of

the hydration of portland blast furnace slag ce-

ments. But it must be taken into account that
our technical blast furnace slags cannot entirely be
compared with the high-alumina melts of chem-
ically pure components mentioned by Dr. Locher.

I must refer to this, for otherwise one might
get a wrong impression of the behavior of blast

furnace slag cements. Thus, at the annual Ger-
man cement meeting at Salzburg (1960), Dr. zur
Strassen stated—and he was fully agreed with by
Professor Schwiete—that blast furnace slag ce-

ments of various types did ngt show any X-ray
diffraction pattern of hydrogarnets even after

having been cured in water for years. (We have

never observed any hydrogarnet peaks either,

after water curing under normal conditions.)

These observations are in accordance with Dr.
Locher's statement that there had been only very
weak peaks of gehlenite hydrate in hydrated tech-

nical blast furnace slags. Furthermore I want to

state that we have tested X-ray diagrams of at

least 100 blast furnace slag cements at different

stages of hydration, and in only one or two speci-

mens with very high alumina content have we
found a very weak peak of gehlenite hydrate at a
very early stage of hydration. This peak, how-
ever, disappeared after 28 days of water curing.

Another difference for the chemically pure glass

melts is the decrease of the Ca(0H)2 content in

good blast furnace slag cements. After 7 days of

water curing the Ca(0H)2 content in the low-
clinkered type of these cements would be reduced
to a very small amount. The Ca(0H)2 content of

special blast furnace slag cements, as well as that
of supersulfated cements would be brought down
almost to zero.

This phenomenon is one of the causes for the

well-known resistance of these cements to various
aggressive fluids. As for a concrete using these

cements as matrix, there will certainly not be any
disintegration in contact with an MgS04 solution

either.

Closure

F. W. Locher

The results of H.-G. Smolczyk show that, as a
rule, no gehlenite hydrate can be established in

hydrated blast furnace slags and slag cements,
and our own findings tally with these results. It

must then be explained, however, in what hydrated
phases the alumina is present in hardened slag-

sulfate cements. Our own X-ray diffraction inves-

tigations showed that only a small portion of the

alumina forms aluminates rich in lime. The lime

content of low-clinker blast fm'nace cements is

not sufficient to bind all the alumina of the slag

in this form. It may be expected, therefore, that

aluminate hydrate phases poorer in lime are

formed. When mixtures of glass or slag with
various activators were shaken in diluted and
saturated calcium hydroxide solutions, gehlenite

hydrate occurred in every case and it was therefore

assumed that gehlenite hydrate was also formed
in the paste during hydration of these mixtxu-es.

The non-occurrence of X-ray interferences might
be attributed to the fact that the gehlenite hydrate
in the paste is as ill-crystallized as the calcium
silicate hydrate.

H.-G. Smolczyk established that the calcium
hydroxide content decreases in the course of

hardening and that practically no calcium hy-
droxide is contained in the hardened special blast

furnace cements and slag-sulfate cements. The
resvdts of our own investigations do not agree

with this finding. As in the hydration of the
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pure glasses, in the hydration of four technical

blast furnace slags of various compositions a

definite content of calcium hydroxide occurred
which showed little change with progressive

hardening. This behavior did not depend on the
kind of activation. With an activation with
anhydrite also, a calcium hydroxide content of

about 4 to 5 percent was observed in the cement.
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Paper III-S5. The Precipitation of CaO AL-Oa-lOH^O From
Supersaturated Calcium Aluminate Solutions at 21 °G*

A. Percival, F. G. Buttler, and H. F. W. Taylor

Synopsis

Deposition from clear, supersaturated solutions, made by shaking anhydrous calcium
aluminates with water has been studied at 21 °C. Alkali-free solutions containing initially

more than 0.85 g CaO, 1.46 g A1203/1 yield C2AH8, CAHio, and AH3; after sufficiently long
times, only CAHio and AH3 are found. With weaker solutions, down to 0.48 g CaO, 0.81 g
AI2O3/I, the usual products are C2AH6 and AH3; CAHio appears irreproducibly. With still

weaker solutions, only AH3 is found. The effect of using NaOH instead of water to prepare
the supersaturated solution has been studied. One thousandth molar NaOH solution
behaves no differently from water; M/lOO NaOH alters the concentrations but not the
general course of precipitation; M/10 NaOH yields solutions, very weak in CaO, which did
not precipitate within 28 days.

The results obtained using water or M/1000 NaOH support the metastable solubility

curve for CAHio previously reported by Percival and Taylor and not the modified curve
proposed by Jones and Roberts. Reasons are also advanced for preferring the 5 °C curve
for CAHio determined by Buttler and Taylor to that proposed by Jones.

Resume

On a etudi6 les precipit^s formes dans des solutions claires et sursatur^es, prdpar^es d 'al-

uminates de calcium anhydre agit^s dans I'eau k 21 °C. Les solutons sans alcali et contenant origi-

nellement plus de 0.85 g de CaO, 1.46 g de AI2O3/I donnent CzAHg, CAHio, et AH3; apr^s
des p^riodes sufRsamment longues on ne trouve que CAHio et AH3. Avec des solutions
plus faibles descendant jusqu'll 0.48 g de CaO, 0.81 g de AI2O3/I, C2AH8 et AH3 sont habitu-
ellement produits; CAHio apparait quelquefois. Avec des solutions encore plus faibles, on
ne trouve que AH3. L'effet de I'utilisation de NaOH au lieu d'eau dans la preparation des
solutions sursatur^es est 6tudi6. M/1000 NaOH se comporte de fagon semblable k I'eau;
M/lOO NaOH modifie les concentrations mais pas le cours g6n6ral de precipitation; M/10
NaOH donne des solutions, tres faibles en CaO, qui ne pr^cipitaient pas pendant 28 jours.

Les r^sultats obtenus, si Ton utilise ou I'eau ou M/IOOO NaOH, supportent la courbe
metastable de solubiUte presentee pr^cedemment par Percival et Taylor et non pas la courbe
modifiee propos^e par Jones et Roberts. Les raisons pour pr^f^rer la courbe 5 °C pour
CAHio determin^e par Buttler et Taylor k celle propos^e par Jones sont egalement presentees.

Zusammenfassung

Die Ausfallung der klaren, iibersattigten Losungen, die durch das Schiitteln des wasser-
freien Kalziumaluminats mit Wasser erhalten wurden, wurde bei 27 °C studiert. Alkali-

freie Losungen, die urspriinglich mehr als 0.85 g CaO und 1.46 g AI2O3/I enthalten, liefern

C2AH8, CAHio und AH3; nach einer geniigend langen Zeit werden nur noch CAHio und
AH3 beobachtet. Wenn die Losungun verdiinnter sind, bis zu 0.48 g CaO und 0.81 g
AI2O3/I, wird meistens C2AH8 und AH3 erhalten; CAHio entsteht manchmal, aber es ist

nicht reproduzierbar. Bei weiterer verdiinnter Losungen wird nur AH3 beobachtet. Es
wurde auch untersucht, wie sich die Benutzung von NaOH an Stelle des Wassers fiir die

Bereitung der iibersattigten Losung auswirkt. M/1000 NaOH zeigt dieselben Wirkungen
wie Wasser; M/lOO NaOH verandert die Konzentrationen, aber hat keinen EinfluC auf den
Gang der Niederschlagsprozesse; M/10 NaOH liefert Losungen, die wenig CaO enthalten
und die wahrend 28 Tagen keinen Niederschlag ausfallen lassen.

Die mit Wasser oder M/1000 NaOH erhaltenen Ergebnisse zeigen, daI3 die metastabile
Loslichkeitskurve, die Percival und Taylor friiher fiir CAHio beschrieben haben, richtig ist,

und nicht die abgeanderte Kurve, die von Jones und Roberts in Vorschlag gebracht wurde.
Griinde werden auch angegeben, warum die 5°-Kurve fiir CAHio, die von Buttler und
Taylor bestimmt wurde, der Kurve, die Jones vorgeschlagen hat, vorzuziehen ist.

'Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from the Department of Chemistry, University of

Aberdeen, Scotland.
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Introduction

It is generally agreed that the hydration of

either CA or aluminous cement in pastes at 21 °C
gives CAHio as a major product. In contrast,

most of the investigators who have studied de-

position from clear, supersaturated solutions at

or near this temperature have not reported for-

mation of CAHio. Jones and Roberts [1]', how-
ever, recently obtained CAHjo from such solu-

tions at 20 °C. They also obtained it, though

irreproducibly, at 25 °C, and in some unthermo-
statted experiments at 19 to 23 °C.
The present work was done to find whether

CAHio is reproducibly obtainable from clear,

supersaturated solutions at 21 °C, and if so to

define the conditions of its formation. The in-

fluence of alkali was also studied. The results

provide further evidence about the position of

the metastable solubility curve for CAHio-

Experimental

Precipitation From Alkali- Free Solutions

The solutions were made by shaking weighed
amounts (20 to 100 g) of "Secar 250" (a white
high-alumina cement made from commercial cal-

cined alumina, and consisting of CA, CA2 and co-

rundum) with boiled distilled water (1 liter) in a

large, stoppered polythene bottle for 1 to 4 hours.

The resulting suspensions were filtered in CO2-
free air immediately after shaking, and the fil-

trates transfered to 500-ml polythene bottles.

These were immediately closed with polyvinyl-
chloride gasketed screw stoppers, and placed in

a 21 °C thermostat. Portions of the clear fil-

trates were analyzed for CaO and AI2O3. By
varying the shaking time and the amount of

cement used, a range of supersaturated solutions

of differing concentrations was obtained. It was
extended to concentrations below 0.4 g CaO/1 by
diluting the filtrates with water.

After varying times, bottles containing initially

clear solutions of different concentrations were
removed from the thermostat. The precipitated

solids were filtered off under C02-free conditions,

dried over saturated CaCl2 solution, and X-ray
powder photographs taken. The filtrates were

analyzed for CaO and AI2O3. The CaOiAlaOa ra-

tios in the solids were calculated from the changes
in the solution compositions.
The principal phases deposited were C2AH8,

CAH 10, and hydrous alumina which gave diffuse

X-ray patterns approximating in varying degrees
that of gibbsite. In a few cases, small amounts
of C4AH13 or of C3A-CaC03 l2H20 were also de-

tected. Some precipitates in which only AH3 was
detected by X-rays had calculated C/A ratios as

high as 0.4. These high ratios can probably be
attributed mainly to adsorption of Ca ions or their

incorporation into the poorly crystallized struc-

ture; traces of C3A-CaC03-12H20 may also have
been present.

Experiments Using NaOH Solutions

The above procedure was followed, but the

"Secar 250" was shaken with dilute solutions of

NaOH instead of with water. When M/1000 or

M/lOO NaOH was used, precipitates were formed,

and the experimental procedure was completed as

with water. With M/10 NaOH, no precipitation

occurred, at least in periods of up to 3 weeks.

Results

The results are given here in abbreviated form

;

full tables of data may be obtained on request to

the authors.

Alkali- Free Solutions

Figure 1 shows the initial concentrations, times
in the thermostat to approach equilibrium, and
phases detected in the precipitates using X-rays.
It also gives an indication of the molar C/A ratios

of the precipitates. Only one variable is needed
to express the initial concentration, because all the
initial solutions had the same molar C/A ratio

(1.07±0.01).
Figure 2 shows the paths followed by the solu-

tion compositions in some typical cases, with the
experimental points for most of the runs of over

• Figures in brackets indicate the literature references at the end of this
paper.

120 days duration. Variation of CaO and AI2O3
concentrations with time is shown in more detail

in figure 3 for the runs where high initial concen-
trations were used.

The phases detected by X-rays varied with both
initial solution composition and time. Three
ranges of initial solution composition can be dis-

tinguished:

Range 1—At high initial concentrations (above
about 0.85 g CaO, 1.46 g AI2O3/I) and short times,

CAHio, C2AH8, and AH3 are usually all observed.

The C2AH8 lines gradually become weaker in the

X-ray pattern, and after a few months usually only
CAH 10 and AH3 can be detected. The decrease

in the proportion of CjAHg is also shown by a fall

in the C/A ratio of the precipitate. The variation

in solution composition with time (fig. 3) was sub-

stantially the same for all the initial concentrations

within this range. The concentrations drop within
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1 day to about 0.45 g CaO, 0.60 g AlAA- The
concentration of CaO falls to a minimum at 5 to

14 days and afterwards rises again; that of AI2O3
continues to decrease for at least six months.
After eight months the concentration of AI2O3
has become almost constant at about 0.15 g/1, but
that of CaO is still increasing slowly. This rise

in CaO concentration provides incidental confir-

mation that no appreciable CO2 contamination is

occurring; its significance is discussed later.

Closely similar data were obtained by Wells and
Carlson [2] and by Jones and Roberts [1] some of

whose results are included in figure 3. Wells and
Carlson considered the final concentrations to be
0.46 g CaO, 0.16 g AI2O3/I, but the present results

suggest that the final CaO concentration may be
above 0.46 g/1.

Range 2—At moderate initial solution composi-
tions (down to about 0.48 g CaO, 0.81 g AI2O3/I)

the usual combination of phases found by X-rays
is C2AHg and AH3 (fig. 1). Particularly at the

lower initial solution concentrations in this range,

AH3 was the dominant phase in the X-ray pattern

;

the lines of CaAHg and of CAHio, when it occurred,

were relatively weak. Sometimes CAHjo was ob-
served, and it was present in two out of the three

runs of over 150 days duration, but its occurrence
in this range was irreproducible, at any rate in

quantities detectable with X-rays. Some of the
supersaturated solutions gave it readily, whUe
others of similar concentration did not, although
they had been prepared by a seemingly identical

method. As in the previous range, the C/A ratio

of the precipitate falls with time, though less mark-
edly. The- paths followed by the solution com-

AI2O3 0-6 10 1-4 1.8

INITIAL CONCENTRATIONS (g./l.)

Figure 1. Initial solution compositions, times, and prin-
cipal solid phases detected by X-rays in alkali-free runs.

Principal solid phases:
0, C2AHs, AH3. 3, C2AH8+CAH10+AH3. CAH10+AH3. X, AHj.

Thin full lines give a general indication of molar C/A ratios of precipitates.
Broken lines define fields in which different combinations of solid phases
usually occur.

positions (fig. 2) were similar to those noted for

Range 1, but the CaO concentrations tended to be
less as the initial concentration decreased. There
were no significant differences as regards solution
compositions between the runs in which CAHjo
was detected in the precipitate and those in which
it was not.

Range 3—At low initial solution concentrations
(below about 0.48 g CaO, 0.81 g AI2O3/I), X-ray

O 0.2 0.4 0.6

CaO in solution g./l.

Figure 2. Typical paths {full lines) followed by solution
compositions in alkali-free runs.

[Curves 1-4 are for initial CaO concentrations of 0.88-1.04, 0.61, 0,45, and
0.32-0.35 g/1 respectively. Heavy broken lines represent stable or metastable
solubility curves (DBFKI^CoAB.s, LG-CiAHis, HJK-CAmo, OHB-AK3
gel, OJH-microorystalline AH3, 0(?-gibbsite) . Experimental points are
given only for long term runs, and have the same significance as in figure 1.]

^0.6 - \ 0
\ 0

0 \-
, o\

0

*—•sx

\̂
go

1 1 1 1 1 1 1 1 t 1

I 2 4 8 16 32 64 128 256 512

Time (days)

Figure 3. Variation with time in the concentrations of
CaO and AI2O3 for all alkali-free runs with initial CaO
concentrations > 0.88 g/1 (Al203>1.53 g/1).

[•, CaO; O, AI2O3 (this investigation, 21 °C.) X, CaOi+.AlsOs (Jones and
Roberts, 20 °C). , CaO; O AbOs (WeUs and Carlson, 21 °C). The
curves are draw-n through the points at 21 °C.]
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Figure 4. Results of runs using M/10 or M/lOO NaOH.
3, #, initial solution composition using M/10 and M/lOONaOH respectively.

O, final solution compositions using M/lOO NaOH. Heavy full lines repre-
sent metastable solubility curves in absence of alkali for CjAHs (BKL) and
CAHio (HK). Broken lines represent positions of these curves in M/lOO
NaOH.

examination of the precipitates showed only AH3,
apart from traces of C3A-CaC03-12H20 in some
cases. The results agreed closely with those ob-
tained in a similar study by Wells and Carlson [2]

and will therefore not be reported or discussed in

detail.

Solutions Containing Alkali

Eighteen runs were made using M/1000 NaOH;
the initial CaO concentrations were 0.539— 1.09

g/1, and the times were 0.5— 143 days. The
results did not differ significantly from those
obtained using water. The results with M/10
and M/lOO NaOH are shown briefly in figure 4.

The solutions made with M/10 NaOH did not
precipitate. Those made with M/lOO NaOH
precipitated, and 12 runs were made with times
of 1 to 92 days. The two more concentrated
solutions (CaO > 0.8 g/1, Al203>1.7 g/1) gave
CaAHg, CAHio, and AH3 at all ages studied.

With the two weaker ones (CaO<0.55 g/1,

Al203<1.15 g/1) only C2AH8 and AH3 were
detected. The approximate rates of precipita-

tion, and the course followed by the solution

compositions, were similar to those found with
water or M/1000 NaOH, but the CaO concen-
trations were consistently lower.

Discussion

Precipitation of CAHjo From Alkali- Free
Solutions

The results show that CAH,o is precipitated at

21 °C from supersaturated solutions to which no
additional lime has been added, provided the
concentration immediately after filtration is high
enough. This observation is consistent with the
known behavior of CA on paste hydration at
21 °C, where CAH 10 is formed as the main prod-
uct, though usually with some C2AH8 and AH3.
In a partly hydrated paste, the concentrations of

CaO and ALOa in solution are presumably kept
high by the presence of unreacted CA.

Range 1—Initial precipitation from solutions in

this range is probably always of AH3 and C2AHg.
This conclusion can be correlated with the fact

that the initial solution compositions lie in the
field ABC (fig. 2) between the tie lines of these
two phases. During the first 1 to 2 days, the
solution composition therefore reaches the un-
stable triple point at B. In the present work,
periods under 1 day were not studied, but Wells
and Carlson's results suggest that AH3 alone is

precipitated at first; afterwards, AH3 and C2AH8
are precipitated together, and the solution com-
positions move down the upper part DB of the
C2AH8 metastable solubility curve towards the
triple point.

The next stage in the precipitation may begin
even before the first is complete and continues
for some 6 to 12 months. It appears to involve
three separate processes. Firstly, the C2AH8 is

unstable and reacts with the solution, abstracting
alumina to give CAH 10. Secondly, the crystal-

linity of the AH3 gradually improves so that its

effective solubility curve changes from ' OB
("AH3 gel") to OF ("microcrystalline AH3")
(fig. 2). These are, of course, only two stages in

a continuous sequence which continues beyond
OF in the direction of fully crystalline gibbsite

(curve OG). Thirdly, the CAHio is probably
also poorly crystalline at first (Buttler and
Taylor, [3]), and its effective solubility curve
may be supposed to fall gradually towards the
limiting curve HJK for CAHio of maximum
crystallinity. The solution composition moves
towards a triple point J between solution, CAHjo,
and microcrystalline AH3 (fig. 2). Its path can
perhaps be regarded as the locus of the unstable
triple point which occurs at the intersection of

a constantly changing series of unstable solubility

curves for AH 3 with a similar series of cm-ves for

CAHio.
Towards the end of this stage of precipitation,

the CaO concentration, which has passed through
a minimum at 5 to 14 days, begins to increase.

This is because the CAHio has almost attained its

maximum crystallinity, but that of the AH3 is

continuing to increase. CAHiq therefore begins to

redissolve as the solution composition is now tend-

ing to move to the right along, or just above, the

curve JK. Eventually, at the triple point K,
C2AH8 may be expected to reprecipitate, but sev-

eral years would probably be needed for this CaO
concentration to be reached.
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Range 2.—The behavior of the solutions in this

range presents a difficulty in that CAH 10 was
detected in only a few of the solids, whereas the
trends in solution and solid compositions closely

resembled those found for Range 1. The most
likely explanation is perhaps that CAH 10 was
formed in amounts sufficient to influence the solu-

tion compositions, but usually insufficient for

detection by X-rays. The minimum proportion
of CAHjo that can be so detected in the presence of

larger amounts of AH3 and C2AH8 is not known,
but may be quite high, especially when the CAHio
is poorly crystallized. On this hypothesis, the
sequence of reactions is essentially the same as for

Range 1, but the formation of CAHio at the ex-

pense of C2AH8 occurs less reproducibly. The
rate at which this process occurs seems to depend
on a nvunber of factors that are not properly
understood. The high concentrations in solution

initially present in Range 1 seem to trigger off the
process in some way. Some observations by Jones
and Roberts [1] suggest that seeding with pre-

formed CAHio may also be effective. Lastly, the
present results show that two clear, filtered solu-

tions in Range 2 may have approximately the
same concentrations and yet differ markedly in

the ease or speed with which they yield CAHiq.
This suggests that the properties of a super-
saturated calcium aluminate solution are not
uniquely determined by its composition. It is

tempting to speculate on the possibility of differing

degrees of condensation or molecular weight in the

aluminate anion, but there are no satisfactory

data on this subject.

Range 3.—The initial solution compositions lie

in a region of AH3 tie lines, at CaO concentrations
too low for the precipitation of C2AH8 (fig. 2).

Precipitation is therefore essentially of AH3, the
crystallinity of which gradually improves with
time. The paths followed by the solution composi-
tions cross the GAHio cvirve HJK. After 6 to

12 months the solution compositions reach the
curve OF for microcrystalline AH3 which was
established by Wells and Carlson.

The Influence of Alkali on the Precipitation
of CAHio at 21 °C

The present results show that NaOH in M/1000
concentration has negligible effect on the composi-
tion or behavior of the supersaturated solutions.

One hundredth-molar NaOH solution lowers the
CaO concentration for a given AI2O3 concentration,
though not to an extent equivalent to the amount
of NaOH added. Detectable amounts of CAHio
are formed if the initial solution is concentrated
enough, as with water or M/1000 NaOH. Tenth-
molar NaOH appears to inhibit the formation of

hydrated calcium aluminates entirely. There do
not appear to be any precise data regarding the
alkali concentrations in setting pastes of commer-
cial aluminous cements. The fact that these yield

CAHio under much the same conditions as does

pure CA (Wells and Carlson, [2]; Schneider, [4])

suggests that the alkali concentrations probably
do not exceed M/100.
The results using M/100 NaOH suggest tenta-

tive placings of the metastable solubility curves
for C2AH8 and CAH 10 in this medium at B'K'L'
and H'K' respectively (fig. 4).

Metastable Solubility Curve for CAHio at 21 °C

The present results cause us to alter our view
(Percival and Taylor, [5]) that the CAHio meta-
stable solubility curve cannot be reached from
supersaturation at 21 °C. The failure to reach
this curve from supersaturation in the experiments
reported earlier can be explained mainly by the

fact that most of the initial solutions used were
too dilute; in a few cases they were sufficiently

concentrated, but carbonation was afterwards
found to have occm^red in the longer-term experi-

ments, destroying the CAHio that had been
formed.

Jones [6] has suggested that the CAHio curve
does not follow the line HK proposed by Percival

and Taylor [5], and used in the foregoing discus-

sion, but the h3rpothetical line PYQ (fig. 5). He
bases this view mainly on an analogy with the

positions of similarly revised curves for CAHio at
1° and at 5 °C, which in turn were derived from
reinterpretations of the results of Carlson [7] and
of Buttler and Taylor [3] respectively. It will

therefore be necessary to consider the data for

lower temperatures. First, however, the direct

evidence at 21 °C for and against each of the two
CAHio curves will be considered.

Percival and Taylor obtained their curve from
undersaturation. In lime solutions of medium
concentration, the CAHio dissolved congruently,

giving solution compositions at a number of points

along HK. With water or dilute lime solutions

some AH3 was formed, giving solution composi-
tions at a metastable triple point H; with stronger

lime solutions there was some formation of

C2AH8, or C4AH19, or both, and the solution com-
positions were at or near the triple point K (fig. 5).

The present results show that the lime-rich end of

S0.2

M/ X

Q

- h/ '

p / ^"-—yL

fi \ 1 1 1
\l

O 0.5
CaO in solution g./l.

Figure 5. Metastable solubility curves in the alkali-free

system at 21 °C.

QKL, CjAHs. OHM, AH3 gel. HK, CAHio according to Percival and
Taylor. PYQ, CAH.o according to Jones. XYZ: path followed by solu-

tion compositions for supersaturated solutions in range 1.
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the curve, near K, can also be reached, or closely

approached, from supersaturation. Jones' curve

PYQ, in contrast, explains neither the results ob-

tained from undersaturation nor those obtained
from supersaturation. He refers to experiments

by Jones and Roberts [1] at 20 °C in which CAHjo
was precipitated. These experiments were closely

similar to some of those starting from Range 1

in the present investigation, and their durations

were 1 to 28 days. The 28-day experiments gave
solution compositions near the point Y, in close

agreement with the present results and with those

of Wells and Carlson [figs. 3 and 5]. This point

happens to lie on the CAHio curve proposed by
Jones, but with longer times the solution compo-
sitions move off this curve towards that proposed
by Percival and Taylor. The agreement with
Jones' proposed curve therefore' appears fortui-

tous.

Metastable Solubility Curve for CAHio at 5 °C

^ 0-4 o-6r

16 64 256 1026

Time

16 64 256 lOae

Cdays)

Figure 6. Variation with time in CaO and AI2O3 concentra-
tions for some typical groups of runs made by Buttler and
Taylor (3).

O, CAHio treated with lime solution containing initially 0.440 g CaO/1.

3, deposition from supersaturated solution containing initially 0.475 g CaO,
0.593 g AI2O3/I. #, deposition from supersaturated solution containing initi-

ally 0.676 g CaO, 0.566 g AI2O3/I.

Figures 9 and 10 of Jones' paper show selected

experimental points obtained by Buttler and
Taylor [3], with the curve HC ior CAHio deduced
by them from these data (fig. 10) and the some-
what different curve ZT (fig. 9) which Jones con-
sidered to explain the data more satisfactorily.

His main grounds for this were as follows:

(1) All of Buttler and Taylor's runs yielding

CAHio from supersaturation gave final solution

compositions approximately on, or else above ZT.
None fell decisively between ZT and HC.

(2) The C/A ratios for the solid phases existing

in contact with solutions whose compositions lay
on the hexagonal plate curve are shown in Jones'

figure 8. He argues that the sharp drop from 3 to

approximately 1 at point T indicates that this is

the triple point for CAHjo and C2AH8 with solu-

tion, and that the absence of any sharp drop at

about 0.53 g CaO/1 shows that there is not a triple

point in the position suggested by Buttler and
Taylor.

(3) Jones rejects the results of runs from under-
saturation, such as Cll and Cl2 (his fig. 10) on
the ground that equilibrium was not reached.

It must be admitted that the results at 5 °C are
harder to interpret than are those at 21 °C.
Carlson's curve for CAH.q at 1 °C [7] differs from
Buttler and Taylor's at 5 °C by more than seems
likely to be explained by the difference in tempera-
ture. Also, Carlson's results indicate the existence
of a triple point CAHio-C2AH8-solution, whereas
Buttler and Taylor's demand instead a triple

point CAHio-C/AHig-solution. Further experi-
mental work at low temperatures is needed to
settle these points. Nevertheless, we consider
that Buttler and Taylor's curve for CAHio at
5 °C. fits the evidence at least as well as Jones' for
the following reasons:

(1) The data do not support Jones' assertion
that the runs from supersaturation reach equi-
librium more readily than those from under-

saturation. In figure 6, CaO and AI2O3 concen-
trations are plotted against time for three key
groups of runs by Buttler and Taylor. Group 1,

from undersaturation, includes points Cll and
C12 which are on their curve but not on Jones'

curve (his fig. 10). The results suggest that

equilibrium is being reached. Group 2, from
supersaturation, includes point 9C on Jones'

figure 9, which is also close to Buttler and Taylor's

curve; the results suggest a near approach to

equilibrium. Group 3, also from supersaturation,

includes point 2lC on Jones' figure 9. This point

lies on Jones' curve, but the results suggest that

equilibrium has not been reached. An appreciable

further decrease in AI2O3 concentration could be
expected to occur.

(2) The data given in Jones' figure 8 can
equally well be explained if the formation of

CAHio from supersaturated solutions at 5 °C
follows a similar mechanism to that proposed here

for its formation at 21 °C. The sharp change in

the C/A ratios of the solids at point T can be

attributed to the fact that the paths followed by
the solution compositions in those runs where
CAHio is formed at the expense of CoAHg or

C4AH19 diverge from the CaAHg curve at or near

this point. No sharp change in the observed

C/A ratios of the solids would be expected to

occur at the triple point C4AHi9-CAHio-solution,
on the C4AH19 curve, because the runs from which
this curve was obtained were all ones in which
CAHjo was not involved.

This work was carried out as part of a program
of research on the system CaO-Al203-H20 sup-

ported by the Lafarge Aluminous Cement Com-
pany Ltd., whose generous assistance is gratefully

acknowledged.
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Paper III-S6. Steam Curing of Cement and Cement-Quartz Pastes*

A. Aitken and H. F. W. Taylor

Synopsis

Pastes of neat cement, and of finely divided quartz mixed with cement in weight ratios
of 0.23-3.0, were cured at temperatures mostly between 75 and 200 °C. The phases exist-
ing in the products were investigated mainly by X-ray diffraction. Neat cements give
poorly crystallized tobermorite minerals, Ca(0H)2, tricalcium silicate hydrate, C2S a-hy-
drate, and, at low temperatures only, hydrated aluminate or sulfoaluminate phases.
Cement-quartz mixtures give poorly crystallized tobermorite minerals, Ca(0H)2, tober-
morite, xonotlite, C2S a-hydrate, scawtite (presumably resulting from carbonation), and
possibly a hydrogarnet. The conditions of temperature, time, and composition needed to
give each of these phases are defined.

Resume

Des p^tes de ciment pur, et de quartz finement divis^ m^lang^ avec le ciment dans
des rapports de poids de 0.23-3.0, ont 6t6 conserv^es k des temperatures variant pour la

plupart entre 75 et 300 °C. Les phases existant dans les produits ont 6t6 examinees prin-
cipalement par diffraction des rayons X. Les ciments purs donnent des min^raux tober-
morites mediocrement cristallis^s, Ca(0H)2, hydrate de silicate tricalcique, C2S a-hydrate,
et, aux temperatures basses seulement, des phases d'aluminate hydrate ou de sulfoalumi-
nate. Les melanges ciment-quartz donnent des min6raux mediocrement cristallises,

Ca(0H)2, tobermorite, xonotlite, C2S a-hydrate, scawtite (qui rfeulte probablement de la

carbonatation), et peut-etre un hydrogrenat. Les conditions de temperature, de temps,
et de composition necessaires a Tobtention de chacune de ces phases sent definies.

Zusammenfassung

Purzementpasten und feingemahlener Quarz der mit Zement in Gewichtsverhaltnissen
0.23-3.0 vermischt wurde, wurden bei Temperaturen zwischen 75 und 200 °C aushiirten
gelassen. Die in den Produkten existierenden Phasen wurden meistens mit Rontgenstrah-
len untersucht. Purzemente liefern Tobermoritmineralien, die nicht zu gut kristallisieren,

Ca(0H)2, hydratisiertes Trikalziumsilikat, das a-Hydrat des C2S, und bei niedrigen Tem-
peraturen werden auch hydratisierte Aluminate oder Sulfoaluminatphasen beobachtet.
Zement-Quarzmischungen liefern Tobermoritmineralien, die schlecht kristallisieren, Ca(0H)2,
Tobermorit, Xonotlit, das a-Hydrat des C2S, Scawtit (welcher vermutlich durch Kohlen-
saureaufnahme entstanden ist), und vielleicht auch einen Hydrogranat. Die Temperatur-,
Zeit- und Zusammensetzungsbedingungen, unter denen eine jede seiche Phase entstehen
kann, werden beschrieben.

Introduction and Experimental Methods

Previous work on the phases detectable in

autoclaved cement and ceraent-quartz pastes is

reviewed elsewhere in this symposium. This
contribution describes some new results.

Materials Used

Cement—To reduce complications caused by the
presence of iron- and alkali-bearing phases, a
white cement low in alkali was used. Table 1

gives its analysis and potential phase composition:
the latter was calculated assuming the small
amount of iron to occur as C4AF. X-ray powder
photographs showed C3S, 18-C2S, and C3A. To
obtain a more detailed qualitative idea of the

phase composition, some of the cement was

•Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the Department of Chemistry,
University of Aberdeen, Scotland.

Table 1. Analysis and potential phase composition of

the cement (Snowcrete; A.P.C.M. Ltd., England)

Analysis

%
SiOj -- 22.16

AI2O3 4.62

FezOs- -- 0.41

FeO .02

Mg0__ - .20

MnO - 03
CaO _ 67.44

Na20+K20__ - 0.34

Insol. res._ _-- . 27

SO3- - 2.34

S2- -- Nil.

Ignition loss-- - 2.17

100. 00
Free CaO- 4.76

Ala03:Fe203 - 11-27

Potential phase composition

C3S- — 48.5

B-dS 26.9

CjA - 11.6

C4AF'' - - 1.3

Ca(0H)2 6.3
MgO_— - - 0.2

CaS04-2H20 — 2.5

CaS04HH20.-- 2.1

NajOl
K2O
MnO> 0.7

FeO
Insol.)

• Of doubtful occurrence: see te.xt.

285



divided by successive specific gravity fraction-

ations withi metliylene iodide-benzene mixtures
into 25 fractions. The denser fractions consisted

of C3S and /3-C2S. They were dark, and tlierefore

probably contained most of the iron, but no ferrite

phase was detected optically or by X-rays.
The middle fractions contained C3S and C3A.
The least dense fractions contained C3S, C3A,
Ca(0H)2, gypsum, and hemihydrate. These
results confirm that C3S, /3-C2S, and C3A are the

main phases. The apparent absence of a ferrite

phase suggests that the iron may occur in the

silicates, though its presence there is not certain.

The assignment of the free CaO and the SO3 in

table 1 is based on the observation that Ca(0H)2,

gypsum, and hemihydrate were all present.
An attempt was made at quantitative X-ray
determination of the phases, but the results were
unconvincing, and it was decided tliat further

experience with the method was needed before it

could be considered reliable.

Silica—Three samples of fine quartz were used,

two of them the same as, and all of them similar

to, those used in the work on lime-quartz pastes

(Aitken and Taylor, [1]^). All passed completely
through a 300-mesh sieve. One sample possibly

reacted a little more slowly than the others, but

no important differences between the samples were
found.

Experimental Methods

The cement and quartz were intimately mixed
in the required proportions, and the mixture trans-

ferred to a small silver test tube. Carbon dioxide-

free distilled water was added to give a water:
cement weight ratio of 0.4, and the paste mixed as

quickly as possible to reduce contamination by
atmospheric CO2. The silver tube was placed
immediately in either a stainless steel bomb, or a

glass test tube which was then sealed off. In
either case, the outer vessel contained also enough
water to saturate the atmosphere at the tempera-
ture subsequently used. The vessel was placed

in an oven regulated to ± 1 °C for the desired time-

The heating and cooling processes were probably
each complete in less than 30 min. The products
were equilibrated over saturated CaCl2 before ex-

amination. All were examined with X-rays,
using 11.46-cm-diam powder cameras with filtered

copper radiation. Thermal weight-loss curves
were obtained for some specimens, using a Stanton
recording thermobalance. The conclusions re-

garding the phases present were based mainly on
the X-ray results, supplemented in some cases by
those obtained using the thermobalance.

Results and Discussion

2CP 5CP 100° ISCP

Temperature "C

20CP

Figure 1. Phases detected in neat cement pastes.

Curve 1 : Upper limit of detection of separate hydrated aluminate or sulfo-
aluminate phases. Curve 2: Substantially complete reaction of CjS.
Curve 3: Possible low-temperature field of formation of CsSHu^. Curve
4: Lower limit of formation of C2S a-hydrate. Curve 5: Lower limit of
high-temperature range of formation of CsSHij^ Curve 6: Region of
maximum formation of CSH gel. Key to experimental points:

O, ettringitel

i>, CSH geU+CaS, fi-CjS, C3A, & Ca(0H)2-
I

O, ettringite,C4AH i;

O, CAHu*
O, C4AHi3«, CSH gel

C, CSH gel

9, C2S a-hydrate
C2S a-hydrate, C3SH1H

, C»AHi3f, ettringite

B, (?) ettringite

Wi, (?) ettringite (?) CsSHu
H, (?) CsSH.H
m, CSH gel, C3SH,i5
H, CSH gel, (7) C3SH,^
y, CSH gel

, CSH gel, C2S a-hydrate I

> C4AHi3 or related phases such as low-sulfate calcium sulfoaluminate.

-I-/3-C2S, Ca(0H)2, & (?) CsS

i-|-C3S, /3-C2S, & Ca(0H)2

Neat Cement Pastes

The results are shown in figure 1 ; the main con -

elusions are as follows

:

(1) Separate aluminate or sulfoaluminate phases
(ettringite and C4AH13 or low-sulfate calcium
sulfoaluminate) are formed with certainty only
at 18 °C, though there were doubtful indications of

ettringite at 50 °C. The results do not confirm
Kalousek's conclusion [2] that h3'^drated aluminate
or sulfoaluminate phases are formed transient^
at 50-100 °C, though X-ray methods are possibly

less sensitive than differential thermal analysis

for detection of these compounds. No evidence
of C3AH6 was found in any of the neat cement
pastes.

(2) Disappearance of unreacted cement com-
pounds is naturally more rapid with rising tem-
perature; no C3S nor C3A could be detected after

about 3 days at 100 °C (fig. 1, curve 2). The
ratio of /3-C2S to C3S appeared from inspection of

the X-ray patterns to increase steadily with time
at all temperatures studied, suggesting that the

hypothesis of equal fractional hydration rates is

not obeyed. There is evidence that C3A reacts less

quickly than is sometimes supposed; lines were
found that seemed to be attributable to it for up
to 1 day at 100° or 105 °C.

' Figures in brackets indicate the literature references at the end of this

paper.
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(3) The immediate products of hydration of the

C3S and 18-C2S are probably Ca(0H)2 and a Ume-
rich tobermorite-hke gel. This probably does not
differ greatly from that formed at room tempera-
tm"e, and its Ca : Si ratio is probably in the region
1.5-2.0. It will be called CSH "gel. Curve 6

defines the conditions under which formation of

this gel appeared from the X-ray evidence to be
at a maximum.

(4) C2S a-hydrate forms at 125 °C and above,
to at least 200 °C, the highest temperature studied.

The probable boundary of its field of formation is

given by curve 4.

(5) Tricalcium silicate hydrate forms definitely

above about 165 °C (curve 5). There were indi-

cations of its formation also at 50 and 75 °C
(curve 3) ; this conclusion is based on the ap-
pearance of an X-ray spacing of 8.7 A, which is

one of the strongest for this phase.

(6) Calcium hydroxide was always present. It

might be supposed that less of this phase would
form above 165 °C, because of the formation of

tricalcium silicate hydrate. If there was less, it

was not apparent from the X-ray photographs;
probably not enough tricalcium silicate hydrate
was formed.

Comparison with the results of earlier investi-

gators—These results are broadly similar to those
obtained by Buckle and Taylor [3] for C3S pastes.

The temperature ranges over which tricalcium
silicate hydrate is formed are somewhat difi^erent

in the two cases; the low-temperature range is

more constricted with cement, and even its ex-

istence is not quite certain. The high-temperature
range extends to slightly lower temperatures with
cement. No evidence was obtained of the forma-
tion of hillebrandite at 80-120 °C, as reported by
Kalousek, nor of inversion of jS- to give 7-C2S,
as found by Funk [4, 5] on hydrothermal curing
of pastes of jS-CaS containing certain stabilizers.

The formation of C2S a-hydrate at 175-185 °C
confirms the results of Kalousek [2] and Sanders
and Smothers [6], neither of whom, however, re-

ported the formation of tricalcium silicate hydrate.
The non-appearance of C3AH6 confirms the find-

ings of earlier workers.

Cement-Quartz Pastes: General Survey of the
Reactions

The main results are given in figures 2 to 7 and
table 2. As well as the phases there indicated,
quartz was always found, though sometimes only
in traces. Some general conclusions are as follows:

Minimum, temperature oj reaction between cement
and quartz—Runs made at 18 and 75 °C with
cement-quartz mixtures gave no indication that
the behavior of the cement was significantly in-

fluenced by the presence of the quartz (table 2).

At or above 85 °C this is no longer true. The
first sign of reaction is that less Ca(0H)2, or none
at all, is detected (fig. 2). New phases, formation
of which could be attributed directly to the
presence of the quartz, were first detected at

115 °C, when tobermorite was found after one
day in a paste of high quartz : cement I'atio (fig. 3).

Phases formed in autoclaved cemenl-quaiiz
pastes—The liydrated phases found in pastes cured
at 85 to 200 °C were CSH gel, Ca(0H)2, tober-
morite, C2S a-hydrate, xonotlite, CSH(A) or
scawtite, and possibly a phase of the hydrogarnet
type. Tricalcium silicate hydrate was not found
except in one case.

Table 2. Phases detected in cement-quartz pastes for curing
times other than 25 hours

Temp.
"C

Time
Ratio
quartz:
cement

»

Crystalline phases detected b

/S-C2S T CSH(A) others

18 36 days 1.00 + + CH, E,
75 5 days 1.00 + + CH, C3A, TSH

125 18 hrs 1.00 ? ? + a, HG(?)
155 5 days 0. 45 ? ? + + HG(?),a
155 4 hr 1.00 + + C3A, HG(?)
155 5 days 1.00 + + Xon(?)
165 4 hr 1.00 ? ? +
175 4 hr 3. 00 ? CSH gel

175 12 hr 3.00 +
185 4 hr 1.00 + + + +

» By weight.
T = tobermorite, 0H = Ca(0H)2, E=ettringite or related phase, Ci

C1AH13 or related phase, TSH= tricalcium silicate hydrate, a = C2S <

hydrate, HG=hydrogarnet, Xon=xonotlite.

200° 0 0 00 1

\ •
No free CaCOH)2 detected /

0 00 1

1

0 0 0 0 /

I60°
0 0 0 0 0 /

/

0 0 0 0
0 0 •

V
3 0 0

Free CaCOHJj •

1 120° 0 0
a. 0 0, detected •

Tern 0 .

1•

80°

1
1 1 1

C/5 mola

Q/C w/v*

^ ? 1
,1, ,

2

00 3 1 Q6 0.45 0.23 0

Figure 2. Occurrence of free Ca(0H)2 in cement and
cement-quartz pastes cured for 25 hours.

• , Free Ca(OH)2 detected. €), Free Ca(0H)2 doubtful or in traces. O, No
free Ca(0H)2 detected.

0.2 3

Figure 3. Occurrence of tobermorite and of C2S a-hydrate
in cement and cement-quartz pastes cured for 25 hours.

0> Neither phase detected. €>, Tobermorite detected. 3, C2S a-hydrate
detected. Both phases detected.
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The influence of quartz on the rate of reaction of

the cement—Figure 4 shows the effect of quartz on
the temperature needed to obtain complete reac-

tion of the cement within 25 hours. The results

are only approximate, but there appears to be a

definite trend towards more rapid reaction as the

proportion of quartz is increased. Even at 200 °C,

the jS-CoS had not completely reacted in the

neat cement pastes, but with quartz : cement ratios

of 1 or more, complete reaction of both C3S and
C2S was always attained at 150 °C or over. As
with neat cement pastes, C3A was remarkably
persistent. It seems usually to persist for at least

1 day at temperatures up to about 100 °C, ir-

respective of cement : quartz ratio. There are in-

dications that in the presence of quartz, C3A may
react less rapidly than in neat cements. It was
found after 1 day at 145 °C for a quartz: cement
ratio of 0.45, and after 4 hr at 155 °C (table 2).

C2S a-hydrate—This compound is formed at

overall C/S ratios of 1 or more (quartz: cement
ratios below about 0.5), above about 125 °C (fig.

3 and table 2). This minimum temperature of

formation seems not to be much influenced by
the quartz: cement ratio within this range. C2S
a-hydrate was often a major product.

Xonotlite was a minor product in pastes of high
quartz: cement ratio cured at 180 °C or above
(fig. 5).

I

O O 0| o
C/S molar O I

I—I I I I L.
Q/C w/woO 3 I a6 OAS 0.23

200°

C/S molai

Q/C w/w

• • •0
- ->

No unreacted /'

• _ _ cement compounds,'
detected ^'

• • •
• • • 0

• •
• • 0 C

e 0 Unreacted cement c
• 0

0 compounds detected 0
© • 0
0 e 0

0

1 1 1 1
e

r 0
lJj

2 3
1

00 3 1 0.6 0/45 0.23 0

Figure 4. Occurrence of unreacted cement compounds in
cement and cement-quartz pastes cured for 25 hours.

O, CiS, /3-C2S, and C3A detected. ©, CsS, /3-C2S detected, f), 0-C2S, (?)

C3S detected. #, No anhydrous phases detected.

Conditions of Formation of Individual

Phases in Cement-Quartz Pastes

CSH gel—Detection of this phase in quartz-
cement pastes was not satisfactorily achieved by
the methods used. A poorly crystallized phase
structurally related to tobermorite was probably
present in most or all of the products.

Tobermorite—Figure 3 shows the field of tem-
perature and composition in which this phase was
detected after 25 hours' curing. The minimum
temperature needed for its formation in detectable
quantity in pastes having about the same C/S
ratio as to tobermorite is about 125 °C. This
temperature probably depends on the cement:
quartz ratio. Tobermorite was often a major
product. The maximum yield seems likely to be
attained at overall C/S ratios of about 0.8 (quartz :

cement about 0.65) and temperatures around 180
°C. At higher temperatures, xonotlite tends to
form, probably at the expense of tobermorite.

Figure 5. Occurrence of xonotlite in cement-quartz pastes
cured for 25 hours.

#, Xonotlite detected. Ot No xonotlite detected.

Ca(0H)2—As already noted, formation of this

compound is largely suppressed in the presence
of quartz. The minimum temperature needed
to avoid its formation probably decreases with
rising quartz: cement ratio. The curve shown in

figure 2 is partly conjectural; more data would
be needed to establish its position definitely. At
quartz : cement ratio 1 and curing time one day,
Ca(0H)2 was not detected at autoclave temper-
atures above about 105 °C.
CSH (A)—This phase appeared irreproducibly

in a field centered on overall C/S 1.0, temperature
180 °C (table 2 and fig. 6). It was often formed
within 1 day, and in one case within 4 hours. The
lack of reproducibility contrasts with the situation

regarding the phases so far mentioned. This
supports the view (Buckner, Roy, and Roy, [7])

that CSH (A) is a quaternary phase containing

COf", essentially the same as scawtite, and is

formed only in the presence of CO2. McConnell
and Murdoch's studies on natural scawtites [8]

suggest that the minimum amount of CO2 needed
to permit formation of this phase may be low.

The tendency to form scawtite is possibly greater

in small laboratory specimens than in the interiors

of the much larger ones used in commercial
practice.

C/S molar p ^ ^ ^
I

^ ^
Q/C w/w CO 3 I 06 Ci45 0.23

Figure 6. Occurrence of scawtite or CSH (A) in cement-
quartz pastes cured for 25 hours.

#, Scawtite detected. C), Scawtite doubtful. Ot No scawtite detected.
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Hydrogarnet-type phases—Some evidence was
obtained of the formation of a phase related to

CsAHg and the hydrogarnet family in a number
of specimens. These lay in a field centered on
an overall C/S ratio of 0.9, and a temperature of

165 °C (fig. 7 and table 2). As with CSH(A),
the phase appeared irreproducibly. The evidence
consisted of the presence of a weak powder line

of spacing 5.05 ±0.1 A. This is in the correct

range for one of the strongest reflections for

phases belonging to this family, although it is

probably significantly lower than the value of

5.14 A reported for CaAHe.
With a few specimens, other, unidentified weak

powder reflections were observed. The most
important of these was of spacing 6.0-6.1 A. It

was shown by several specimens with quartz:

cement ratio 0.4-1.0 and curing temperature 155

to 200 °C.

I60'

y _ o O

o o
o o o o\

> _
o o • •

1

o o •
• o o o

o o

> _
o
o o
o o

1

O 1 2II III 1

O 3 1 a6 Q45 023

Figure 7. Possible occurrence of hydrogarnet-type phase
in cement-quartz pastes cured for 25 hours.

#, Hydrogamet-type phase probably occurs. O. No hydrogarnet-type
phase detected. Ring outlines field in which this phase appears to be
formed.

The Course of Reaction in Cement- Quartz
Pastes at 85 to 200 °C

The primary reaction is probably always the
hydration of the cement to give a lime-rich CSH
gel and Ca(0H)2. It seems probable that if any
hydrated aluminate or sulfoaluminate phases are

formed at all they are quickly decomposed, their

components becoming incorporated in the CSH
gel. There is some evidence that above 120 °C
the AI2O3 may separate again partly or completely
from the gel, giving a phase of hydrogarnet type.

In general, the AI2O3 seems to have only a minor
influence on the subsequent behavior of the CSH
gel.

If no quartz is added, the CSH gel tends above
125 °C to recrystalUze, giving C2S a-hydrate

;

above 165 °C, tricalcium silicate hydrate can also

form. This latter phase can form only as a
result of reaction between the gel and Ca(0H)2
crystals that have previously separated from it.

Its formation probably represents a beginning of
equilibrium crystallization.

The first effect of the quartz is to restrict the

separation of Ca(0H)2; one or more poorly
crystallized tobermoritelike phases is presumably

formed. So long as unreacted quartz grains
remain, there is probably a zoning of these jjhases

around them, material of low C/S ratio, possibly

similar to CSH (I), forming nearest the quartz
grains, and more lime-rich material, perhaps
CSH(II), farther away. Very little quartz is

needed to prevent formation of tricalcium silic^ate

hydrate at 165 °C or above; a quartz : cement
ratio of 0.1 is probably enough.
At 120 to 180 °C, the important processes are

the recrystallization of lime-rich gel to give C2S
a-hydrate, and of lime-poor gel to give tobermorite.

These processes can occur simultaneously over a
limited range of overall C/S ratios. Formation of

tobermorite is favored by a high quartz: cement
ratio, but if this rises above about 0.7 (C/S<0.8)
the product is likely to contain a substantial

amount of unreacted quartz.

At the higher temperatures the process is com-
plicated by the formation of additional phases.

CSH (A) and xonotlite (figs. 5 and 6) are probably
formed by recrystallization of tobermorite. Other
phases, such as hillebrandite or "Phase F" may be
similarly formed from C2S a-hydrate or from
CSH (II) at low quartz: cement ratios; not enough
suitable runs were made to establish if this

formation does in fact occur.

Comparison With Results of Other
Investigators

In the main, these results agree well with those
of Kalousek [2], Sanders and Smothers [6], and
Neese, Spangenberg, and Weisskirchner [9]. This
agreement is especially good as regards formation
of tobermorite and of C2S a-hydrate. None of

the earlier workers reported the formation of

xonotlite or of CSH (A), but this can be attributed

to the narrower range of conditions studied. A
more important divergence lies in the probable
detection of a hydrogarnet-type phase in the

present case, though this cannot yet be considered

as certain. The present results do not support
Neese's view that nekoite is formed under certain

conditions.

The results may also be compared with those

obtained for lime-quartz pastes (Aitken and
Taylor, [1]. On the whole, there is a close similar-

ity, the cement behaving essentially as a source of

both lime and silica, but certain differences are

apparent

:

(1) Tobermorite is formed over a wider range of

overall C/S ratios (0.2-1.6) with cement than with
lime (0.33-1.08). The minimum temperature at

which it was detected was also slightlv lower with
cement (115 °C) than with lime (125 °C). These
differences can possibly be attributed to the

presence of AI2O3 in the cement; according to

Kalousek [10], AI2O3 favors the formation of tober-

morite.

(2) Gyrolite was not found when cement was
used. Its absence is possibly not significant, as

its formation in lime-quartz pastes is slow, and
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not many runs were made with cement where the

combination of time and temperature was such

that formation of gyroUte might have been
expected.

(3) XonotUte was formed less readily with

cement. The lowest temperature at which it was
found was 180 °C, against 165 °C with lime. This

can possibly be attributed to the presence of

AI2O3 in the cement (Kalousek, [10].

(4) In general, reaction seems to be slower with

cement. In every run, unreacted quartz was
found in the product, though sometimes only in

small amounts; with the lime-quartz pastes, the

quartz often reacted completely. Because of this

slower reaction, there is a tendency with cement

for any given hydrated compound to form most
readily when the overall C/S ratio is less than that
of the compound, as with tobermorite (fig. 3) or
xonotlite (fig. 5). This was not observed with
lime.

(5) CSH(A) was formed with cement but not
with lime; hillebrandite and "Phase F" were
formed with lime but not with cement. These
difl^erences may not be significant.

This work was carried out as part of a Fellow-
ship for research on the steam curing of cement
and asbestos-cement products supported by the
Johns-Manville Corporation, whose generous
assistance is gratefully acknowledged. We also

thank A.P.C.M., Ltd., for the cement specimen.
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Paper III-S7. Two Different Ways of Hydration in the Reaction of
/3-Ca,Si04 With Water at 25 to 120 °G*

Herbert Funk

Synopsis

;3-Ca2Si04 is transformed into tobermorite-like calcium silicate hydrates in two different

ways:
(1) By reaction with pure water, 13-C2S is able to hydrate directly to give needle-shaped

tobermorite. The needles originated from a single crystal of 13-C2S are oriented to each
other. In this course of hydration /3-C2S crystals take up H2O directly, being altered con-
tinuously with increasing water content. This is shown by X-ray diagrams as well as by
optical observations of the intermediate products which no longer contain anhydrous
/3-C2S and are not yet completely formed tobermorite.

(2) 13-C2S forms foil-like or platy tobermorite through the solution phase. Exclusively
this course of reaction is observed, if certain additives are used (CaC)2, supersaturated
solution of Ca(0H)2, seed crystals). Unlike the products of the direct hydration (1) the
partly hydrated products of the solution-phase reaction consist of mixtures of foil-like

tobermorite and residual anhydrous (3-C2S. Addition of seed crystals of tobermorite foils

to the mixture of 13-C2S and water stops the slower direct hydration reaction, and foils of

tobermorite, rather than needles, are formed through the solution phase.

(3) /3-C2S as well as 7-C2S is practically quantitatively transformed into dicalcium
silicate a-hydrate, Ca20H(HOSi03), at 100 to 200 °C through the solution phase, if seed
crystals of this compound are added. After addition of tobermorite seed crystals at 100 °C
13-C2S as well as 7-C2S is transformed into tobermorite through the solution phase.

Resume

i8-Ca2Si04 se transforme en hydrates de silicate de calcium comparable a un tobermorite,
de deux fagons differentes:

(1) Par reaction a I'etat solide, 13-C2S est transforme par H2O en tobermorite aciculaire,

dans lequel les aiguilles sont orientees les unes envers les autres. Dans cette reaction solide

les cristaux de /3-C2S absorbent H2O, continuellement modifies par I'accroissement de la

teneur en eau. Les diagrammes de rayons X indiquent ce fait aussi bien que les observa-
tions optiques. II y a formation de produits intermediaires qui ne contiennent plus de
/3-C2S anhydre et ne sont pas encore des tobermorites completement formes.

(2) i3-"C2S forme un tobermorite en feuilles ou en plaques dans la phase de solution.

Ce cours de reaction est atteint a I'aide de certains additifs (CaCla, solution sursaturee de
Ca(0H)2, grains de cristaux). A la difference du produit de la reaction solide, les solides

en partie hydrates consistent en melange de tobermorite en feuille et de 0-C2S anhydre
r6siduel. L'addition de grains de cristaux de feuilles de tobermorite arrete Thydration plus
lente a I'etat solide, et ce sont des feuilles de tobermorite, plutot que des aiguilles, qui sont
formees dans la phase de solution.

(3) ;8-C2S comme 7-C2S est presque quantitativement transforme en a-hydrate
de silicate dicalcique, Ca20H(HOSi03), a 100-200 °C dans la phase de solution, si des grains
de cristaux de ce compose sont ajoutes. Apres addition de grains de cristaux de tober-
morite k 100 °C, j3-C2S ainsi que 7-C2S est transforme en tobermorite dans la phase de
solution.

Zusammenfassung

/3-Ca2Si04 kann auf zwei verschiedenen Wegen tobermoritahnliche Calciumsilikathy-
drate bilden:-

(1) /3-C2S kann mit reinem Wasser direkt unter Bildung von Tobermoritnadeln
reagieren. Die aus einem Einkristall von (3-C2S entstehenden Nadeln sind optisch zu-
einander orientitrt. Bei diesem Hydratationsweg nehmen die j3-C2S-Kristalle direkt H2O
auf, wobei sie mit steigendem Wassergehalt kontinuierlich verandert w'erden, wie es sowohl
die Rontgendia gramme als auch die optischen Beobachtungen zeigen. Es werden Zwischen-
produkte gebildet, die kein wasserfreies P-C2S mehr und noch keinen fertig gebildeten
Tobermorit enthalten.

(2) /3-C2S kann uber die Losungsphase folien- oder plattenformigen Tobermorit bilden.
Dieser Reaktionsweg wird ausschlieBlich beobachtet, wenn bestimmte Zusatze beigefiigt

werden (CaCl2, tibersattigte Losung von Ca(0H)2, Impfkristalle) . Im Unterschied zu
den Produkten der direkten Hydratation (1) bestehen die teihveise hydratisierten Produkte
der Losungsphasenreaktion aus Gemischen, die Tobermoritfolien und restliches wasserfreies
18-C2S enthalten. Durch Impfkristalle aus Tobermoritfolien wird die langsamere direkte
Hydratation des j3-C2S unterbrochen und es entstehen durch die Losungsphase Tober-
moritfolien anstelle von Nadeln.

(3) 13-C2S wird ebenso wie 7-C2S praktisch quantitativ bei 100-200 °C durch die
Losungsphase in Dica)ciumsilikat-a-Hydrat, Ca20H(HOSi03), umgewandelt, wenn Impf-
kristalle dieser Verbindung zugefiigt werden. Durch Zugabe von Tobermorit-Impfkristallen
wird sowohl /3-C2S als auch 7-C2S bei 100 °C durch die Losungsphase in Tobermorit
umgewandelt.

'Fourth International Symposium on the Chemistry of Cement, Washington. D.C., 1960. Contribution from the Institut fiir anorganische Chemie,
Deutsche Alcademie der Wissensehaften zu Berlin, Germany.
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Introduction

By hydration of the cement components C3S
and /3-C2S, tobermorite-like calcium silicate hy-
drates have been observed as foils, needles, plates,

or laths, or mixtures of them. The X-ray dia-

grams of these different forms are either extra-

ordinarily similar or identical ; for brevity they are

designated as tobermorite, but it would be better

to call them tobermorite-like phases.

In a previous work [1] \ the formation of the

needle-shaped tobermorite-like phase with the

composition 2CaO-Si02-21120 at 100 °C from

/3-C2S with water has been found to occur by
direct hydration of 18-C2S. To differentiate this

direct hydration of |8-C?S crystals by H2O (as

liquid or vapor) from the phase formed by reac-

tion through the solution, it was called "direct"

or "solid-state" hydration. Formerly, also Mc-
Connell [2, 3] had observed that the hydration of

/3-C2S (larnite) and of q:'-C2S (bredigite), both
occurring in nature, led to the tobermorite-like

phase (plombierite) in the oriented form.

Hydration of I3-C;S in the Solid State With the Formation
of Needle- Shaped Tobermorite

(2)

Sufficiently stabilized 18-C2S ^ was allowed:

(1) to mix with water (1:10 up to 1:50) at

25 °C by rotation in polyethylene bot-

tles, or

to stand with water, or saturated Ca(0H)2
solution in pasty consistency (1:2.5),

in silver crucibles at 25 or 100 °C.

These conditions led to the formation of needle-

shaped tobermorite-like calcium silicate hydrate
as a final product, which had a composition of

1.5CaO SiOo l.5H20 (at 25 °C) to 2CaO-Si02-2H20
(at 100 °C).

Optical Investigation

From time to time, samples were taken from
the reaction mixtures (j8-C2S with H2O), and
changes occurring at the crystals were micro-
scopically observed. On the surface of the
crystals, taken from partly hydrated intermedi-
ates, there was a zone of decreased refractive

index which extended progressively into the
crystal. With a water content of~lH20/Si02
(after having been dried in vacuo over P2O5)
most crystals practically became optically uniform
again. The refractive index decreased from
w=l. 71-1.73 (18-C2S), to ri=l. 67-1.68 (inter-

mediate product with ~1H20/Si02). After the
hydration up to a content of ~1H20/Si02 the
crystals remained optically active and still ro-

tated the plane of polarized light uniformly.
Amorphous portions which might consist of

fine-grained tobermorite, have not been found
during this solid state hydration. Portions of

amorphous, optically nonoriented tobermorite
are to be seen only in case of hydration proceeding
through the solution phase.

Electronmicroscopic Investigation

Some photographs, characteristic for changes
observed in the crystals, show that the i8-C2S
crystals (fig. 1(a)) have a more layer-like structure
after the action of water. After three days action
of water at 100 °C, e.g., about 1.1 H20/Si02

1 Figures in brackets indicate the literature references at the end of this
paper.

2 One percent by weight of Na2S04, or 0.3 percent by weight of CasCBOs)!
was added to t-C:S (diameter of crystals, 10-50 m). In the case of stabiliza-
tion with 1 percent of Na2S04, the mixture was heated three times for one
hour to 1,100 °C in a platinum dish with a lid, and well mixed afterwards.
Insufficiently stabilized ff-CiS may be re-transformed into 7-C2S by action
of water, if the grain size is about 0.01 mm or more [4].

has been bound (fig. 1(b)). After four days
at 100 °C the substance contains 1.4 H20/Si02;
with this or higher water content, crystals often
split off columnar or needle-shaped fragments
(fig. 1(c)). Beta-dicalcium silicate crystals

treated with water for 20 days at 100 °C have
the composition, e.g., 1.9CaO-SiO2-2.0H2O; their

X-ray pattern is similar to that of tobermorite
(see following section). Tobermorite needles aris-

ing from a 18-C2S crystal often still hold together,

and the contour of the starting crystal is still

to be seen (fig. l(d)).^

Crystals of an intermediate product with
\1H20/Si02, obtained after two days action of

water on i3-C2S at 100 °C, seem only little changed
in their appearance. But on treating this sub-
stance with ultrasonics of low intensity the
hydrated crystals disintegrate into needles (fig.

1(e)), showing them also to have been changed
in their interior by the water; anhydrous 18-C2S

remains completely unchanged when treated

in the same way.
Amorphous tobermorite had not been found

in the intermediates and therefore the water
content was assumed to be found in the crystals

;

this assumption corresponds to the results of

optical observation. The water taken up by
the i8-C2S crystals extends also into the interior

of the crystals indicated by the decreased re-

fractive index, and also by the easy splitting

into needles by ultrasonics. That this altera-

tion occurs in the (3-C2S crystals remaining un-
dissolved becomes once more evident by the

change^ of the X-ray pattern described below.

X-ray Investigation

Debye photographs of intermediate substances
formed of /3-C2S containing 0.5 to 1 H20/Si02
show only an increase of background. With
a counter-tube goniometer we have recognized
in these substances:

(1) a general decrease of the intensities of the

reflections of 13-C2S,

(2) a change of the relative intensities of

reflections of /3-C2S, proceeding to the

vanishing of certain reflections.

3 Thin, long laths of tobermorite have been observed to grow from small
needles, if these have been allowed to stand—especially at 100 °C—with
water (for instance if needles were used as seed crystals).
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X-ray photographs according to the Guinior
method demonstrate the change of intensity most
distinctly. The reflections in the diagram of

i3-C2S do not become weaker equally, as the sub-

stance is progressively hydrated (see fig. 2c, d).

Only certain reflections vanish, which often are

not those weakest in intensity (in fig. 2 marked
by arrows). On the other hand, the pattern of

the hydrated substance has left unchanged other,

weaker, reflections (in fig. 2 marked by x). The
diagram of the hydrated intermediate substance,
therefore, does not contain a symmetrically
weakened diagram of /3-C2S, although there are

many reflections common to both. The new
reflection appearing at 1.82 A, also present in

tobermorite, is marked by a double arrow.

Figure 1. Electron-micrographs of /S-CjS in different

stages of hydration.

a. /S-CjS (stabilized with 1% NajSOt).
b. ^-CaS, 3 days 100 °C (1.1 H20/Si02).
c. /3-C2S, 4 days 100 °C (1.4 H20/Si02).

d. 19-C2S, 20 days 100 °C (1.9 CaO.SiO2-2.0 HjO).
e. /3-C2S, 2 days 100 °C (0,9 H20/Si02) treated with ultrasonics.
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Conclusion

The changes of the X-ray patterns of tlie

intermediate substances, corresponding to optical

and electronmicroscopical observations, must be
interpreted in the following way: /3-C2S remaining
undissolved hydrates by the action of water that

probably reacts as H+ and 0H~ ions. Every
)8-C2S crystal is continuously altered according
to the increase of its water content. This change
may be observed by optical methods and by the
continuous alteration of the X-ray patterns of

the products on progressive hydration.

jS QS Hydrated Through Solution by the
Formation of Foil- Like or Platy Tobermorite

Hydration of /3-C2S under special conditions
yields tobermorite also in the form of foils or

plates. The special conditions are those in which
additives are supplied either to the water added
(CaCl2, supersaturated solutions of Ca (0H)2) or

to the reaction mixture (as seed crystals). There
is evidence that foil-like or platy tobermorite,

formed by additives in a shorter time of reaction,

occurs through the solution phase.

/3-C2S Hydration in Shorter Time by Additives

Mixtures with additives were prepared in the
same way as described before, in the form of

pastes or by rotating them with the respective
solutions. A survey of the times of hydration of

/3-C2S by different solutions is given in table 1.

Pure water as well as lime water (saturated
with 1.6 g Ca(0H)2/l) leads to tobermorite needles
after a hydration time of 140-200 days, as shown
in columns 1 and 2, respectively. The fact that
that needles are formed by hydration in the solid

state is shown, as previously stated, by the variable
diagram of intermediate substances which are

incompletely hydrated. A supersaturated solu-

tion of Ca(0H)2 (2.2 g/1, column 3), such as may
occur in contact with C3S, and therefore usually
is present in the cement paste, shortens hydration
time to about 100 days, during which the tober-
morite phase is formed in foils. Complete hydra-

tion takes place in 30 to 40 days if a 15-percent
CaCl2 solution is applied.

If samples, still incompletely hydrated, are

taken (see columns 3 and 4, reactions in which
foil-like tobermorite is formed), microscopic obser-

vation shows mixtures of optically amorphous
masses with residual anhydrous 18-C2S. X-ray
diagrams also show that tobermorite is present
with anhydrous /3-C2S. Formation of these nonori-

ented tobermorite crystals (seen in the electron-

microscope as foils) mostlikely occurs through the
solution phase. The characteristic difference

from the direct hydration of /3-C2S to give needle-

like tobermorite is the fact that the intermediate
products of the solution reaction contain foils and
give no X-ray photograph with an altered diagram
of /3-C2S. If it is true that tobermorite foils are

formed through solution, then this reaction may
be expected to be induced by addition of seed

crystals of foil-like tobermorite to /3-C2S with
pure water.

Tobermorite Foils as Seed Crystals: Hydra-
tion of C2S Through the Solution Phase

Undissolved 18-C2S is hydrated by pure water
at 25 and 100 °C to yield needle-shaped tober-

morite as described before. If, however, 10

percent by weight of tobermorite foils are added,
/3-C2S wUl be completely transformed into foU-like

tobermorite after 60 to^ 70 days at 25 °C. After
approximately 30 days the reaction product con-
tains only half of the water content of the final

product. Optical, electron-optical, and X-ray
examinations of such incompletely hydrated
products show that the greatest part of the sub-
stance is tobermorite foUs, the rest being anhydrous
/3-C2S. This means that the addition of seed

crystals causes hydration of /3-C2S through the

solution phase. Parallel runs, under the same
conditions but without addition of tobermorite
foUs, always yielded needles formed by the solid-

state hydration.

If the hydration products consist of tobermorite
foils, the mass seems to be less stiff than if needles

are formed by solid-state hydration. Tobermorite
foils as seed crystals frequently lead not only to

more foils but to relatively large, platy crystals

(approxunately 10-100 m long). Besides foU-like

Table 1. Hydration of /S-CoS

18-C2S (stabilized by 1% of Na2S04; particle size 5—40/i); allowed to stand with aqueous solution (1:3) at 25 °C.

1 2 3 4 5

Pure water
Ca(0H)2 solution, sat-

urated (1.60 g/1)

Ca(0H)2 solution
supersaturated (2.2

g/1)

CaCh solution 15%
Seeded with tober-

morite foils

Completely hydrated after _ _ ~200 days ~140 days..- _ ~100 days 30-40 days ~70 days.

Crystal shape of tobermorite (elec- Needles. Needles. Foils... Foils and plates (la-

mellar) .

Foils.
tron microscope).

X-ray pattern of an incompletely
hydrated sample.

Intermediate pattern
(variable).

Intermediate pattern
(variable).

^-C2S+ tobermorite /3-C2S-f-tobermorite /3-C2S-ftobermorite.
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and platy tobermorite, with a 10-percent CaCl2
solution, frequently a shrouding zone around the

/3-C2S crystals occurs, having a gel-like and shape-
less appearance in the electronmicroscope.
Gamma-dicalcium silicate as well as j8-C2S is

completely transformed into tobermorite foils in

10 days at 100 °C after addition of a 15-percent
CaCl2 solution or seed crystals of tobermorite
foils. Seed crystals of dicalcium silicate a-

hydrate, Ca20H(H08i03), completely yield di-

calcium silicate a-hydrate from ^-C2'S or 7-C2S at
100 to 200 °C.

Conclusions

/3-C2S hydrates in two different ways

:

(1) In a slow direct hydration, /3-C2S crystals,

remaining undissolved, take up H2O. After 140

to 200 days, an oriented transformation into

tobermorite needles is observed.

(2) At a certain minimum concentration of

CaCl2 or Ca(0H)2 in aqueous solution, namely,
(a) 1 molar in CaCl2, or

(b) 0.03 molar in Ca(0H)2 (supersaturated),

exclusively foil-like or platy tobermorite rather

than needles is spontaneously formed from /3-C2wS

at 25-100 °C through the solution phase.

Tobermorite foUs are also formed from /3-C2S

with water at 25 and 100 °C by the addition of
tobermorite foUs under conditions in which, with-
out seed crystals and with pure water, only the
formation of needle-shaped tobermorite is ob-
served. Both types of tobermorite are able to

form setting masses. The formation of tober-
morite needles from /3-C2S with water at 100 °C
does not occur in preference to a formation of

Ca20H(HOSi03) (C2S a-hydrate) if seed crystals

of C2S a-hydrate are added or spontaneously
formed.
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Paper III-S8. Infrared Absorption of Some Compounds in the
CaO-SiO,-H,0 System*

Charles M. Hunt

Synopsis

Infrared absorption spectra of 7-C2S, /3-C2S, C3S, and the hydration products of C3S have
been obtained in the 300 to 5000 cm~' region, using the KBr pressed-pellet technique.
Spectra of okenite, gyroHte, Loch Eynort tobermorite, afwilJite, and hillebrandite, in the
form of natural minerals, and a synthetic xonotlite have also been measured. The vibra-
tions associated with the Si04 groups are of great value for identifying the compounds but
because of their complexity are difficult to interpret in terms of structure. The OH bending
vibrations near 1650 cm~' are either weak or absent in these compounds. This would be
consistent with crystal structures in which water is largely, or in some cases entirely, in the
form of OH groups. The position of the OH stretching vibrations suggests some degree of

hydrogen bonding and also unbonded OH in some of these hydrates. None of the com-
pounds, however, appears to contain hydrogen bonds of the diversity and strength of those
reported in afwillite.

Resume

Les spectres d'absorption infrarouge de 7-C2S, /3-C2S, C3S, et les produits d'hydratation
de C3S ont ete obtenus dans la region de 300 k 5000 cm~', en employant la technique KBr
de granules comprimees. Les spectres d'okenite, de gyrolite, de tobermorite de Loch
Eynort, d'afwillite, et d 'hillebrandite, sous forme de mineraux naturels, et un xonotlite
synthetique ont 6galement 4t6 mesur^s. Les vibrations associees aux groupes de Si04 sont
de grande valeur pour I'identification des composes, mais a cause de leur complexite il est
difficile de les interpreter en termes de structure. Les vibrations OH dues a la flexion dans
le voisinage de 1650 cm~' sont faibles ou absentes dans ces composes. Ceci serait compa-
tible avec les structures cristallines dans lesquelles I'eau se prfeente pour une grande part, ou
dans certains cas entierement, sous forme de groupes OH. La position des vibrations OH
dues k la tension suggere qu'il y a dans une certaine mesure un lien d'hydrogene ainsi que OH
non-li4 dans certains de ces hydrates. Aucun des composes, cependant, ne parait com-
porter de liens d'hydrogene ayant la diversity et la resistance de ceux notfe dans I'afwillite.

Zusammenfassung

Ultrarotabsorptionsspektra des 7-C2S, des /3-C2S, des C3S und der Hydratationsprodukte
des C3S wurden von 300 bis 5000 cm"' unter Benutzung zusammengeprefiter KBr Kiigelchen
aufgenommen. Die Spektra des Okenits, des Gyrolits, des Loch-Eynort-Tobermorits, des
Afwillits und des Hillebrandits wurden als natiirliche Mineralien, und auCerdem auch das
Spektrum eines synthetischen Xonotlits gemessen. Die Vibrationen, die zur Si04-Gruppe
gehoren, konnen zur Identifizierung der Verbindungen gut benutzt werden, aber wegen
ihrer groCen Kompliziertheit sind sie schwierig fiir Strukturanalyse zu benutzt werden.
Die OH-Biegungsschwingungen in der Nahe von 1650 cm~' sind in diesen Verbindungen nur
schwach vorhanden, oder sie fehlen voUstandig. Das stimmt mit den Kristallstrukturen,
in denen das Wasser zum grossen Teil oder sogar nur als OH-Gruppen vorkommt, gut iiber-

ein. Die Lage der Spannungsschwingungen des OH lafit vermuten, daC Wasserstoff-
bindung zum Teil auftritt, und da(5 einige dieser Hydrate nicht gebundene OH-Gruppen
haben. Aber man gewinnt den Eindruck, daB keine dieser Verbindungen Wasserstoff-
bindungen der Mannigfaltigkeit und Starke besitzt, wie man sie vom Afwillit kennt.

Introduction

In their review papers for this symposium,
Brunauer and Greenterg [1] ' and Taylor [2] have
briefly discussed the infrared absorption of the
calcium silicate hydrates. The present paper
undertakes to extend this discussion and introduce
absorption spectra of a few of the compounds
which are referred to in these papers.

•Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the National Bureau of Standards,
Washington.

' Figures in brackets indicate the literature references at the end of this
paper.
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Heller and Taylor [3] have compiled optical and

X-ray data for a number of the calcium silicates

and calcium silicate hydrates. Infrared spectros-

copy ofi'ers an additional means of characterizing

these materials. The spectra in the interval 300

to 5000 cm~^ presented here have been obtained

partly for this purpose and also to study the Si04

and OH vibrations for information related to

structure.



Methods and Materials

Measurement of Spectra

The compounds were measured by the KBr
pressed-pellet technique [4,5]. The pellets con-

tained a milligram of compound and approximately
250 mg of KBr. In some cases, pellets with only
0.3 to 0.5 mg of compound were also measured.
The spectra were obtained without a blank pellet

in the reference beam, and transmission values are

uncorrected for losses caused by reflection and
scattering. A small spurious absorption appears
at 2940 cm"' and is marked in the figures by an
asterisk. Others have noted similar absorption

in KBr pellets [6]. The spectra at 620 to 5000
cm"' were obtained immediately after heating the

pellets in vacuum at 100 °C, overnight or usually

much longer. Those at 300 to 620 cm~' were
measured without this treatment.

The spectra were obtained with a Beckman
IR-4 double-beam spectrometer. Cesium bro-

mide prisms were used for the range 300 to 620
cm"', and NaCl prisms for the range 620 to 5,000
cm

Materials

Gamma dicalcium silicate was prepared from
calcium carbonate and silica gel. The mixture
was heated to 1,410 °C and then formed into

pellets under pressure and reheated twice. The
product was finally heated to 660° to complete
reversion to the 7-form.

Beta dicalcium silicate was prepared the same
way as 7C2S, except that 0.4 percent of boric acid

was added to stabilize the compound, and the
heating at 660° was omitted.

Tricalcium silicate was prepared by heating a
mixture of calcium carbonate and silica at

1,400 °C. The product was reground, made into

a paste with water, and carefully reheated to

1,400 °C. This process was repeated two more
times.

Microscopic examination of the synthetic cal-

cium silicates indicated that they were predomi-
nantly homogeneous materials containing small
amounts of impurities. The powder X-ray pat-
terns were in agreement with ASTM patterns.

Paste-cured C3S was obtained by reacting equal
weights of water and C3S for a period of 14 months
at 100 °F. The product contained 20 percent of
water after vacuum-drying at 100 °C.
Loch Eynort tobermorite was obtained from

Dr. G. F. Claringbull of the British Museum of

Natural History. The sample is designated as
part of B.M. 1937, 1490 and has been described
by Claringbull and Hey [7], and also Gard and
Taylor [8].

The other natural minerals were obtained from
Dr. G. S. Switzer of the National Museum, Wash-
ington, D.C. They are listed with nominal chemi-
cal formula [3], source, and identifying museum
number as follows:

Okenite, CaO-2Si02-2H20, from Disco Island,

Greenland, museum No. 94,524,
Truscottite, CaO-2Si02-l/2H20, from Redjang

Lebong mine, Sumatra, museum No. 95,872,
Gyrohte, 2CaO-3Si02-2H20, from Disco Island,

Greenland, museum No. 112,506,
Afwillite, Ca3(Si030H)2-2H20, type specimen

from Dutoitspan mine, Kimberley, South Africa,

museum No. 95,237,
Hillebrandite, 2CaO-Si02-H20, from type loca-

tion, Ternates mine, Velardena, Durango, Mexico,
museum No. 95,767.

Microscopic examination of afwillite and gyro-
lite indicated nearly homogeneous materials.

Hillebrandite was predominantly homogenous,
but contained a few isolated particles of different

refractive index. Okenite and truscottite con-
tained noticeable amounts of intimately distrib-

uted material of different refractive index.

Powder X-ray patterns of afwillite and hille-

brandite were in excellent agreement with those
of Heller and Taylor [3]. The other minerals

showed all of the principal lines of the compound
in question, but gyrolite had a small extraneous
line at 4.43 A, okenite had some calcite lines, and
truscottite had some quartz lines and a few other
unidentified lines.

Xonotlite was prepared by E. S. Newman of

the National Bureau of Standards. It has been
previously described [9].

Results

The absorption spectra of the compounds in-

vestigated are shown in figures 1 and 2. Figure
1 shows the spectra of 7-C2S, /3-C2S, and C3S
and also paste and ball-mill-hydrated C3S. Fig-
ure 2 presents the spectra of compounds in the

CaO-Si02-H20 system, arranged in the order

of increasing CaO/Si02 ratio. With the exception

of xonotlite, all of the specimens in figure 2 are

natural minerals.

Discussion

General Spectral Features

Gamma dicalcium silicate, and C3S show
broad absorption in the 700 to 1200 cm"' region.
This feature is common to the spectra of most
silicates [10], and is associated with a number of

vibrational modes associated with Si—O linkages.

D. M. Roy [11] has also measured 7-C2S and
i3-C2S in this region and obtained patterns be-

tween 700 and 1200 cm"' somewhat similar to

the ones in figure 1. She found 7-C2S to give an
altered spectrum in KBr pellets, which suggests

that under some circumstances this compound
may be subject to anion exchange or other effects
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sometimes observed in KBr [12, 13, 14, 15, 16].

However, the 700-to-1200-cm-' part of the

spectrum in figure 1 resembles Roy's spectrum in

nujol mull rather than her KBr spectrum. Pos-

sibly this may be due to the short (15 seconds)

mixing time used in preparing the pellets.

Launer [17] has also measured the spectrum of

iS-CaS at 620 to 5000 cm-^ The comparable parts

of Roy's and Launer's patterns are slightly

sharper than the one shown in figure 1 . The very
small band at 1260 cm~^ is very possibly due to

the boric acid stabilizer in the compound [18].

It is absent from Launer's /3-C2S which was pre-

pared without a stabilizer. The method of prep-

aration is described by King [19].

When C3S is hydrated as a paste, the spectral

detail in the 700-to-1200-cm~' region is lost, and
the center of this broad absorption shifts to higher
frequency. This particular preparation shows no
band at 12.1 n where Van Bemst [20] reported an
absorption band in CSH-II. In the region 3000
to 4000 cm~^ there is a sharp band at 3620 cm~\
due to Ca(0H)2 in the product, and a broader
band near 3450 cm"^ somewhat similar to the one
found in Loch Eynort tobermorite. The OH
bending vibration near 1650 cm~' is broad in

hydrated C3S but comparatively sharp in Loch
Eynort tobermorite. Also noteworthy are the
spectral differences between these materials in

the range 300 to 600 cm-'.
Kalousek and Roy [21] have prepared a syn-

thetic tobermorite with a CaO/Si02 ratio of 0.8

and a spectrum in the interval 620 to 5,000 cm~'
similar to that of Loch Eynort tobermorite. On
the other hand, their calcium silicate preparations
of larger CaO/SiOa ratio bear more resemblance to

paste-hydrated C3S. According to Brunauer and
Greenberg [1], the tobermorite obtained by hy-
dration of C3S or 18-C2S resembles a high-

lime tobermorite far more than a low-lime tober-

morite. This is also true of the infrared spectra.

The similarity between Kalousek and Roy's
hydrates having a large CaO/Si02 ratio and paste-

hydrated C3S also includes the strong band be-
tween 1400 and 1600 cm~^ which is due to the

0.5 percent of CO2 found in the material. A
carbonate contamination in Ca(0H)2 or a high-
lime calcium silicate hydrate produces stronger
absorption in the region 1400 to 1600 cm""' than
a comparable amount of carbonate in a low-lime
material [22].

Brunauer, Copeland, and Bragg [23] have shown
that C3S hydrated in a ball mill gives afwillite as
a hydration product. Figure 1 shows the infra-

red absorption spectrum of a ball-mill preparation
made in their laboratory. The spectrum may be
compared with that of natural afwillite shown in

figure 2. The patterns show some differences in
detail, but there is good correspondence between
the positions of the principal absorption bands.
The bands are less sharp in ball-mill-hydrated C3S
than in the natural mineral, particularly in the
region of longer wavelengths. The ball-mill-

hydrated product shows a sharp band at 3620
cm~' due to Ca(0H)2. This band is absent from
the natural material.

Examination of the spectra of the calcium sili-

cate hydrates in figure 2 shows that most of the
patterns are sufficiently distinctive to be of value
in identifying the minerals. The bands at 1500
and 875 cm"' in okenite and gyrolite clearly show
the presence of calcite as a contaminant. Hille-

brandite, truscottite, and xonotlite also show a
small absorption near 1500 cm""'.

Kalousek and Roj^ [21] have determined the
spectrum of a natural xonotlite in the region 620
to 5000 cm~'. Their spectrum resembles the cor-

responding part of the spectrum in figure 2 quite
closely, except that their pattern shows slightly

less detail near 680 and 980 cm"', and the band
at 3430 cm"' is weaker. They also have noted
that this latter band is weaker in natural than
in synthetic xonotlite, particularly in Drenarations
made at lower temperatures.

Berkovich, Keiker, Gracheva, Zevin, and Kup-
reeva [24] have measured the spectrum of a syn-
thetic tobermorite in the interval 830 to 5000 cm"'.
Their product shows less spectral detail than the
natural mineral or Kalousek and Roy's prepara-
tion, but it does not resemble the hydrated C3S.

Si04 Vibrations

It would be possible to account for consider-
able complexity in the absorption spectra of the
silicates from the fundamental vibrations of the
Si04 tetrahedra, even neglecting possible absorp-
tions due to harmonics, combination bands, and
lattice vibrations. This may perhaps best be
shown by briefly reviewing the vibrational beha
vior of the free tetrahedron and considering the
modifications of the vibrations as the tetrahedron
is incorporated in a crystal. According to the
theory of molecular vibrations [25a, 26, 27], any
nonlinear molecule of five atoms should have nine
fundamental vibrations. However, in XY4 mole-
cules of tetrahedral symmetry only four funda-
mental frequencies appear [10, 25b", 28], because
a number of vibrations have the same frequency.

that is to say are degenerate. Of the four fun-
damental vibrations of the tetrahedron, only two
are infrared active. This is summarized briefly

in table 1.

Table 1. Fundamental vibrations of tetrahedral XY4
molecule

Vibrational species Number of
vibrations

Frequencies
of SiO) ion»

cm-'
Ai nondegenerate 1 800 Raman active.
E doubly degenerate 1 500 Raman active.
F2 triply degenerate 2 625. 1050 Infrared and Raman

active.

« Data from Landolt Bornstein, vol. I, pt. 2, p. 258, based on Raman spectra
of glasses.
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Figure 1.

—

Infrared absorption spectra of 7-C2S, 18-C2S, C3S and paste- and ball-mill-hydrated CzS.

The pellets corresponding to the lower curves contained 1 mg of compound in 250 mg KBr, and those for the upper curve, where two curves are shown,
contained 0.3-0.5 compound in 250 mg KBr. 'Denotes there is small absorption in the spectrum of the KBr in this position.

If the Si04 group is part of a crystal lattice,

the crystal plays a dominant role in determining
which vibrations appear in the spectrum. If

the oxygens are no longer equivalent, as is usu-
ally the case in a crystal, instead of vibrating as

a tetrahedron the Si04 group vibrates as a body
of lower symmetry. This means that degenerate
vibrations may be split into separate frequencies,

and vibrations which are inactive in the free tetra-

hedron may be infrared active in the crystal.

Schaeffer, Matossi, and Wirtz [10] have sug-
gested that absorption between 8 and 12 n in the
spectrum of silicates arises from one of the triply

degenerate vibrations of the SiO^ tetrahedron. If

this hypothesis is correct, one of the reasons why
absorption in this region is broad and complex in

so many silicates may be that splitting of these
vibrations occurs.

Halford [29] has outlined a method for pre-
dicting the number of fundamental vibrations of

a crystalline solid when the space group symmetry

and number of molecules per unit cell are known
It has been quite successful with some simple
compounds. In 7-C2S, which has space-group
symmetry Pbnm and cell contents 4(Ca2Si04)

[3, 30, 31], the Si04 group occupies sites having
mirror-plane symmetry. According to Halford's

method it should vibrate according to the selec-

tion rules for a body having only mirror-plane
symmetry. Under these circumstances, the Si04
group should have nine fundamental vibrations,

all of which are infrared and Raman active. The
absorption spectrum of 7-C2S in figure 1 shows at

least this number of vibrations, disregarding
absorptions below 400 cm~^ which include, or

might be entirely due to, translational lattice

vibrations From single-crystal measurements
[30], as well as analogy with Na2BeF4 [31], 7-C2S
has the olivine structure in which the Si04 groups
are present as isolated tetrahedra, but because of

the restrictions of the crystal they do not vibrate

as free tetrahedra. However, it would be possible
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Infrared absorption spectra of minerals in the CaO-Si02-H20 system.
The pellets corresponding to the lower curves contained 1 mg of compound in 250 mg KBr, and those for the upper curve, where two curves are shown

contained 0.3-0.5 mg of compound in 250 mg KBr. 'Denotes there is small absorption in the spectrum of the KBr in this position.
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to make some plausible correlations between the

absorption bands in 7-C2S and the four frequen-

cies of the free tetrahedron if the three closely

grouped bands at 861, 917, and 948 cm~^ arise

from the splitting of one triply degenerate vibra-

tion, the bands at 490, 512, and 560 cm~i arise

from splitting of the other triply degenerate

vibration, the bands at 440 and 454 arise from
splitting of the doubly degenerate vibration, and
the band at 726 cm"^ is due to the nondegenerate
vibration. Bands unaccounted for in this assign-

ment would be harmonics, combination bands,

and lattice vibrations.

Beta dicalcium silicate has space-group sym-
metry P2i//i and four molecules per unit cell

[3, 32]. According to the structural analysis

of Midgley [32], the Si04 tetrahedra are in

general positions. Therefore, the site symmetry
cannot be used directly to determine the selection

rules for the vibrations of Si04 in j(3-C2S as in

7-C2S. The spectrum of j3-C2S in figure 1

contains a group of vibrations at 503, 518, and
539 cm"^ and another group of vibrations at 844,

909, and 1010 cm"'. These two groups of bands

may plausibly be interpreted as derived from
splitting of the two triply degenerate vibrations

in the free tetrahedron. However, the spectra

of Roy [11] and Launer [17] suggest that there

may possibly be more spectral detail to account
for in well-crystallized material.

For the more complicated silicates, correlation

of bands in the 350 to 1250 cm~' region with
crystal structure remains empirical. Descrip-
tively speaking, a structure in which the Si04
tetrahedra are all equivalent might be expected
to have fewer bands than a structure in which
Si04 is present in more than one kind of environ-

ment. However, since a single Si04 group could

account for as few as two infrared active funda-

mentals or as many as nine, depending on crystal

symmetry, the number of bands in the spectrum
affords a rather insensitive test of the complexity

of a silicate structure. Furthermore, in ring,

chain, and sheet structures, where covalent bonds
between Si04 groups may be present, the model
of Si04 tetrahedra subject to the modifying effects

of a crystal field is not applicable.

OH Vibrations

Some of the OH absorptions in the calcium sil-

icate hydrates are weak, and KBr is somewhat
hygroscopic. This hygroscopicity offers no prob-
lem in detecting strong OH absorptions but makes
the measurement of weak bands diflB.cult. It is

common practice to use a blank pellet in the refer-

ence beam to compensate for absorbed water in KBr.
Another procedure, suggested by Baker [13], is to

heat the pellets in vacuum for several hours.

This treatment removes absorbed water from KBr
rather effectively, and because rediffusion is slow
permits measurement of a spectrum. This pro-
cedure provides spectra of unhydrated compounds
more nearly free of OH absorption than the
reference-pellet technique and has been adopted
in the present measurements. It unquestionably
removes adsorbed water, and in some cases,

loosely held combined water from the compounds
themselves. Nevertheless, useful empirical com-
parisons can be made with this procedure, as has
been done in figures 1 and 2.

The OH bending vibration which appears near
1650 cm"' in water is weak or absent from the
spectra of truscottite, xonotlite, and hillebrandite.

Kalousek and Roy [21] have previously noted the
absence of this band in xonotlite. According to
Lecomte [33, 34] the absence of absorption at this

frequency is characteristic of hydroxides. If the
OH is attached to a heavy atom by a covalent
bond, as for example in methyl alcohol [25c], the
OH vibration is shifted to slightly lower frequency.
If the OH is in an ionic crystal and is not attached
by a covalent bond, as in Ca(0H)2, the bending
vibration, if it exists at all, would be more in the
nature of a hindered rotation and would appear in

a completely different region of the spectrum.

Okenite, tobermorite, and possibly also gyrolite'

retain a small OH bending vibration after evacuat-
ing the pellets at 100 °C. Kalousek and Roy [21]

have reported absorption at 1650 cm"' after

heating a synthetic tobermorite at elevated

temperature. They have attributed this absorp-
tion to interlayer water. As previous!}^

mentioned, the hydration product of C3S also

retains an absorption in this position, but it is

broad rather than sharply defined as in the better-

crystallized tobermorites of smaller CaO/Si02
ratio. According to Brunauer and Greenberg
[1] the hydration product of C3S or j8-C2S has a

density consistent with a c-spacing of 9.3 A after

drying at a water vapor-pressure of 5X10"* mm
mercury. This spacing should accommodate no
interlayer water. Nevertheless, in the case of

hydrated C3S, a small bending vibration is

retained after heating in vacuum.
The structure of afwillite contains H2O molecules

as well as OH groups [35]. There is undoubtedly
absorption at 1650 cm"' in the spectrum of

afwillite, but there is no sharp band in this position.

From this point of view, the water in afwUlite is

different from the water of crystallization of a

typical salt hydrate.
The OH stretching vibrations are of particular

interest, because they appear at smaller wave
numbers in hydrogen-bonded systems [36]. Un-
bonded OH has a stretching absorption near 3700
cm"', while hydrogen-bonded OH absorbs at

lower frequencies. In the case of water, for

example, this change has been demonstrated by
comparing the spectrum of a dilute solution of

water in carbon tetrachloride with the spectrum of

the pure liquid [37]. In the case of crystalline
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solids, data collected for a large number of com-
pounds show a correlation between the shift in

OH stretching frequency and the distance between
oxygen atoms in O—H—O bonds [38-45]. Gor-
man [46] has reviewed much of this evidence.

However, simple application of this principle to

unfamiliar compounds is complicated by the fact

that a few bands which are probably not OH
stretching fundamentals have also been found in

this region of the spectrum. A spectrum of

powdered Ca(0H)2 in KBr shows a predominant
sharp band at about 3620 cm"' [22], which would
be a very reasonable frequency for an OH stretching

vibration without hydrogen bonding. However,
Fetch and Megaw [47] and Busing and Mor-
gan [48] have shown that oriented single crystals

of portlandite have a number of bands. A similar

complexity has been observed with brucite [49].

Roy and Roy [50] have raised the question as to

which absorption maximum should be chosen for

correlation with O—O distance in such cases.

The existence of more than one absorption maxi-
mum would be expected if OH groups are not
equivalent and more than one O—O distance
exists in the crystal. However, such an explana-
tion would not apply to portlandite or brucite.

In view of the large number of examples in which
interatomic distance has been correlated with
frequency shift [38-45] the principle has validity,

but a certain amount of ambiguity is introduced
by the fact that bands other than OH stretching

fundamentals appear in the region of the spectrum
where these fundamentals occur.

Under the resolution obtained in the present
measurements, okenite, truscottite, and tobermor-
ite show single broad stretching absorptions. The
frequency displacement of approximately 200
cm"' suggests hydrogen bonding of strength
comparable with that found in liquid water.
The spectrum of paste and ball-mill-hydrated

C3S both show a sharp absorption near 3620
cm~' due to Ca(0H)2 which contains no hydrogen
bonds. They also show broad absorption at

longer wave lengths due to the presence of hydro-
gen bonds of moderate strength in the calcium
silicate hydrates. The spectra of gyrolite and
xonotlite show somewhat analogous double ab-
sorption, suggesting the presence of OH groups
both with and without hydrogen bonding in the
compounds themselves.

Hillebrandite shows a double peak near 3600
cm"'. This position does not suggest very strong
hydrogen bonding. However, broadening of the
band near the top suggests some perturbation of

the OH stretching frequency.
The spectrum of afwillite between 2000 and 3600

cm"' has been carefully studied by Fetch, Shep-
pard, and Megaw [51], with a CaF2 prism. Tliey
liave measured botli powdered material and
oriented single crystals. Tliey have also used
polarized radiation to determine the direction of

vibrations where possible. From crystal-struc-

ture considerations [35], they postulate six posi-

tions where hydrogen bonds occur. Three of

these have interatomic distances close to 2.7 A,
which would correspond to absorptions at wave
numbers of the order of 3000 cm"', and three have
interatomic distances close to 2.5 A, which would
correspond to much smaller wave numbers. In
powdered afwillite they found bands at approxi-
mately 2400, 2800, 3130, and 3340 cm"' as well as

absorption at smaller wave numbers which was
difficult to resolve. The spectrum in figure 2
shows the bands at 2400, 2800, and 3340 cm"', but
the 3130 cm"^ band is not resolved. This spec-
trum also shows that unresolved absorption
extends well below 2000 cm"'. If the absorption
between 1500 and 3400 cm"', both resolved and
unresolved, results from the six hydrogen bonds
suggested by Fetch, Sheppard, and Megaw [51],

comparison with the other calcium silicate hy-
drates in figure 2, suggests that none of these
compounds have as many or as strong hydrogen
bonds as those found in afwillite.

The author is indebted to Frofessor Ellis R.
Lippincott of the University of Maryland for help-

ful discussions of the theory and interpretation of

infrared spectra, and to Dr. Deane K. Smith of

the Fortland Cement Association Fellowship at the
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X-ray crystallography of /3-C2S and 7-C2S. The
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Discussion

Rustum Roy

In recent studies of the infrared spectra of the
liydrated magnesium and aluminum silicates

Stubican and Roy^ '^ have adopted an empirical
approach which takes advantage of the ability to

control precisely by synthesis the cations (in-

cluding H"*", D+) involved in the structure. In
connection with the present paper it is only
relevant to point out that many of the assumptions
regarding the selection rules in solids do not
prove to be of any real value. Furthermore, it

has been shown that only with Si*+ (or other
tetravalent metal ions) is there any meaning to

the assignment of a particular frequency to a
metal-oxygen stretching or bending mode. Even
with AP+, and especially with divalent ions, the
rest of the structure and the contrapolarizing

effect of the cations in the second sphere of co-

ordination have such large effects on the frequency
at which a particular vibration mode appears,

that assignment at fixed frequencies is not very
meaningful in most cases. The present state of

the most definite assignments in layer silicates

showing the range of their variation with sub-
stitution is shown in summary form in figure 1.

It may be of some help in suggesting interpreta-

tions of some of the spectra presented by Dr. Hunt.
One of the most interesting results, part of which
appears in figure 1, is the verification of the pre-

vious tentative assignment of the 11m band in

kaolinite as the bending mode of O-H. It will

be noted that this vibration is labelled H-O-Al to

indicate the importance of the cation to which
the (0H)~ is attached: for example it will be seen
that the same vibration appears at about 12^ in

' v. stubican and Rustum Roy, Isomorphous substitution and infrared
spectraof the layer lattice silicates. Am. Mineralogist, vol. 46, pp. 32-51 (1961).

2 v. Stubican and Rustum Roy, New approach to assignment of infrared
absorption band in layer structure silicates, Z. Krist, vol. 115, pp. 200-214

(1961).
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Figure 1. Infrared absorption in layer silicates.
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H-0-Fe^+. These bands are all shifted by about
a 1.37 ratio when D is substituted for H. They
also respond to Ga^+ substitution and presumably
appear only at much longer wave lengths with

divalent cations such as Mg^+. Therefore, H-0-
Ca bending moments may not appear at low
enough frequencies to be detected here.

Exceptions to this scheme may occur in the

case of strongly polarizing ions such as Zn^"*" or

Cd^"*" in which case the absorptions may well

appear below 15m.

(Note—This discussion is Contribution Number 60-68 of tlie College of

Mineral Industries, The Pennsylvania State University.)

Closure

C. M. Hunt

The problem of identifying the vibrational

modes and assigning frequencies is difficult when
dealing with polymeric materials. The concept
of symmetry and its role in determing the number
and kind of vibrations, which is applicable to

simple molecules, is mainly of descriptive value

when applied to more complex structures. How-
ever, even on a descriptive basis it serves as a

reminder that a change in crystal symmetry could
lead to a change in the number, kind, and position

of bands in the infrared absorption spectrum.
More empirical study of compounds of known

structure is needed, and the work with synthetic
layer minerals referred to by Dr. Roy is an im-
portant step in this direction.

Aside from considerations of symmetry, the
"ionic" or "covalent" characterof the M—O bonds
themselves is also important in determining the
vibrational characteristics of the crystal. Miller
and Wilkins ' concluded from the examination
of spectra of a number of sulfates, nitrates, car-

bonates and other polyatomic anions that their

absorption frequencies were sufficiently charac-
teristic to have analytical value, even though the
cation also exerted some effect on the spectrum.
The N—^0, S—-O, and C—O bonds in these anions
have considerable directional or "covalent" char-
acter. Al—O, Fe—O, and Mg— bonds un-
doubtedly have more "ionic" or nondirectional
character than bonds in these typical polyatomic
anions or Si— bonds in silicates. The "ionic"
or "covalent" character of the bonds would be
more important than valence per se in determining
the presence or absence of characteristic fre-

quencies.

Returning to figures 1 and 2 in the original

paper, Roy's comments also point up the desir-

ability of examining deuterium analogs of the
calcium silicate hydrates in the figures to identify

Si—-O—-H bending modes which at present have
not been distinguished from Si—'O frequencies.

1 F. A. Miller, and C. A. Wilkins, Anal. Chem. 24, 1253-1294 (1952).
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Paper III-S9. Crystalline Solubility and Zeolitic Behavior in Garnet
Phases in the System CaO-Al,03-SiO,-H,0*

Delia M. Roy and Rustum Roy

Synopsis

The earlier confusion on the formation of hydrogrossularites from the grossularite com-
position is shown to be due to faihire to attain equilibrium. Anhydrous grossularite can be
synthesized with water catalysis at least as low as 600 °C. Stable solid solutions have been
prepared only from CsAHs to C3AS2H2, the latter being the most stable (360 °C at 2000 atm).
Phases with lattice constants only slightly larger than grossularite (up to 11.90 A) can be
prepared from silica-rich members of the series, but these are thought to be metastablc.

Solid solution along the join C12A7-C3AS3 was very limited in extent, although some change
in the lattice constant and refractive index of C12A7 was observed in mixtures on the join.

Data obtained by means of a recording balance demonstrate clearly a zeolitic behavior of

"C12A7", as the phase adsorbs varying amounts of H2O with varying temperature. This
phase is more accurately described as a hydrous phase under atmospheric condition with
the composition of about C12A7H. Metastable "hydrogrossularite" formed through very
short runs at intermediate temperatures showed a similar behavior, but rehydration was
no longer complete after dehydration above 800 °C.

Resume
II est indique que la confusion ant^rieure sur la formation d'hydrogrossularites k partir

de la composition du grossularite a pour cause I'insucces a atteindre I'^quilibre. La synthese
du grossularite anhydre pent etre realise avec catalyse de I'eau a une temperatlire au moins
aussi basse que 300 °C. Les solutions solides stables n'ont ete pr^parees que de CsAHj a
C3AS2H2, ce dernier etant le plus stable, (360° a 2000 atm.). Les phases avec constantes de
r&eau seulement legerement plus grandes que celle du grossularite (jusqu'a 11.90A) peuvent
etre pr^parees a partir de membres de la s6rie riches en silice, mais on a des raisons de penser
que ceux-ci sont metastables.

La solution solide etait tres limitee le long de la ligne C12A7-C3AS3, cependant on observa
des changements concernant la constante de reseau et I'indice de refraction de C12A7 dans les

melanges sur la ligne.

Les r^sultats obtenus au moyen d'une balance enregistreuse demontrent clairement un
comportement z^olitique de "C)2A7", puisque la phase absorbe des quantites variables de
H2O avec la temperature variable. Cette phase est decrite plus pr^cisement comme phase
aqueuse sous condition atmospherique avec la composition approximative de C12A7H.
"L'hydrogrossularite" metastable form4 pendant de tres courts intervalles a des tempera-
tures intermediaires se comportait de la meme faqon, mais la rehydratation n'etait plus
complete apres une deshydratation au-dessus de 800°.

Zusammenfassung
Die widersprechenden Angaben in der alteren Literatur iiber die Bildung der Hydro-

grossularite aus Grossularitzusammensetzungen miissen darauf zuruckgefiihrt werden,
dafi in den alteren Arbeiten die Gleichgewichte nie erreicht worden sind. Wasserfreier
Grossularit kann mit Wasserkatalyse bei 600 °C synthetisiert werden, und vielleicht auch
bei tieferen Temperaturen. Stabile feste Losungen sind nur von CsAHe bis C3AS2H2 syn-
thetisiert worden, und die letztgenannte Verbindung ist die stabilste (360 °C bei 2000 Atmos-
pharen). Phasen mit Gitterkonstanten, die nur ein wenig groBer als die des Grossularits

sind (bis 11.90 A), konnen von den silikatreichen Gliedern der Reihe hergestellt werden,
aber es sieht so aus, als ob diese metastabil sind.

Feste Losungen an der Verbindungslinie C12A7-C3AS3 kommen nur in einem kleinen
Bereiche vor, aber einige Veranderungen der Gitterkonstante und des Brechungsindex des
C12A7 wurde in den Mischungen an dieser Linie gefunden.

Messungen, die mit Hilfe einer Registrierwaage erhalten wurden, zeigen deutlich, daB
C12A7 sich wie ein Zeolith benimmt, da diese Phase schwankende Mengen Wassers als Funk-
tion der Temperatur aufnimmt. Diese Phase soUte doch unter atmospharischen Bedingun-
gen besser als ein Hydrat beschrieben werden, da(5 ungefahr die Zusammensetzung C12A7H
hat. Der metastabile, sogenannte Hydrogrossularit, welcher in kurzzeitigen Experimenten
bei nicht zu hohen Temperaturen dargestellt wird, zeigte dasselbe Verhalten, aber er hat
nicht mehr den alten Betrag Wassers gebunden, nachdem er einmal bei 800° C dehydratisiert
worden ist.

Introduction

The knowledge of phase equilibrium relation-
ships between the hydrogarnet CsAHg and its

silica-bearing counterpart grossularite, C3AS3, is

important in understanding processes of hydration

Fourth International Symposium on the Chemistry of Cement, Washing-
ton, D.C., 1960. Contribution from the College of Mineral Industries,
Pennsylvania State University, University Park, Pennsylvania.

in aluminous cements. In addition to these two
cubic garnets, a third closely related cubic com-

pound C12A7, stable at relatively high temperatures

is involved in the equilibria. The system

CaO-AlaOa-HoO, extensively investigated at

low temperatures, has been studied by ?^Iajuiiidar

622829 0-62-21
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and Roy [1] ^ at elevated temperatures, and a

review of literatiu-e up to 1956 included. They
showed that at elevated pressures (~1000 atm)
CsAHg is the only stable calcium aluminate
hydrate within the temperature range 100-200 °C,

and that above this temperature C4A3H3

+ Ca(0H)2 are in equilibrium with HoO at elevated

pressures (in contrast to the ready formation of

CuAj tlu-ough dehydration of CaAHg at atmos-
pheric pressure). C4A3H3 in turn decomposes to

C,2A7+Ca(OH)2+H20 above 710 °C. A review
of more recent literature on the system CaO
-AI2O3-H2O is given in the present symposium
[2]-

The data available on the equilibria involved
with the addition of silica are less complete.

Yoder [3] attempted to synthesize grossularite

from the C3AS3 composition at various tempera-
tures and pressures, presumably forming "hydro-
garnets" from the single composition. Flint,

McMurdie, and Wells [4] produced garnets along

the join C3AH6-C3AS3 and discussed the relation-

ship of such hydrogarnets and those containing
iron to sulfate resistance in cements, showing that

both Fe203 and Si02 were important in increasing

the resistance to sulfate attack [5]. Carlson [6]

contemporaneously with work by the authors [7]

formed crystalline garnets ranging from pure
CsAHg to C3AS3, but found that the cell constant
of the garnet formed was a function of both
temperature and compostition, as well as time,
and the results were complicated by the presence
of nonequilibrium phases.

The present investigation was begun with the
hope of reconciling certain inconsistencies and
obtaining new data as follows

:

(1) From a single composition, C3AS3, Yoder
claimed to have obtained a variety of products.
How can this represent equilibrium''

(2) No data supported the existence of a

complete solid-solution series between C3AS3 and
CsAHe at a single temperature. Does such a

series exist, and if so, what are the temperature
limits?

(3) The effects of time, temperature, and
pressure as separate parameters in the crystalli-

zation of these phases were not well defined.

(4) The equilibrium relationships of C12A7 in

the C-A-S-H system are not well established.

Experimental Procedure

Essentially amorphous mixtures of compositions
along the C3A-C3AS3 and C12A7-C3AS3 joins as

shown in figure 1 were made by decomposition of

alcohol-water solutions of calciimi and aluminum

SiO,

Figure 1. Tetrahedron of the C-A-S-H system.

Solid dots represent anhydrous compositions on the C3A-C3AS3 join studied, open circles the corre-
ponding hydrated phases. Triangles represent C12A7-C3AS3 join compositions.

> Figures in brackets indicate the literature references at the end of this paper.
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nitrates with ethyl orthosilicate or Ludox (col-

loidal silica) (see Roy [8], Koizumi and Roy [9]).

Some glasses were also used for the grossularite

composition. Mixtures were treated hydrother-

maUy (Roy and Tuttle, [10]) for periods of time

varying from 1 hour to 3}i months. In many runs
samples were held in gold-foil envelopes, but since

it was desired to prevent transfer of material,

many samples were contained in sealed gold or

palladium tubes.

Grossularite Composition Crystallized at Different Temperatures

WhUe several studies of the crystallization of

presumed hydrogrossularites have been made
starting with the grossularite composition C3AS3,

it is clear that such a process is beset with unneces-
sary problems. When a hydrogrossularite appears
from a total composition of C3AS3 it is usually

assumed that silica has been leached out. Our
results using hermetically sealed systems, however,
gave the same result and directly disproved this

suggestion. Furthermore a series of longer and
longer runs made with the grossularite composition
showed conclusively that one is dealing for the

most part merely with failure to obtain equilibrium
in short runs. In figure 2 the effect of length of

run on the unit cell of the garnet formed demon-
strates this point. Moreover, in runs under
equivalent conditions, gels yield a more nearly

anhydrous garnet than do glasses, indicating the

danger of metastability when using glassy starting

materials. Next, the cell dimension and index of

refraction of the garnet formed from the grossu-

larite composition at different temperatures was
studied, and the results are shown in figure 3.

Duration of the runs in most cases was ^t least

one week, and the pressure was 2000 atm. Es-
sentially pure grossularite with negligible water
content, having n= 1 .736 and ao= 1 1 .86 A is formed
between 550 °C and 860 °C. Above 860 °C at

1000 atm. grossularite decomposes to woUastonite
+ anorthite + gehlenite. In the range 550 °C to

400 °C the garnet lattice is slightly expanded
(ao= ~11.92A max.) with a corresponding decrease
in index of refraction, although the latter is higher
than the range of hibschitc, plazolite, and most
of the naturally-occurring "hydrogrossular" min-
erals which are indicated on the left scale. The
significance of the slightly expanded structures
obtained below 550 °C is discussed in more detail

in a later section. Anhydrous grossularite is

therefore a stable phase at least as low as 600 °C
and does not appear to require any pressure for

its formation at equilibrium, the water pressure
merely catalyzing the reaction. Anhydrous gros-

sularite crystallized at 750 °C could not be rehy-
drated at 525 °C or 325 °C.

11.85 11.90 n.9S

Lattice Constant, ao (Angstroms)

11.95 -

11.90 -

11,85

Competition

Figure 2. (a) Lattice constant ao of grossularite formed
from C3AS3 at 550 °C and 10,000 psi as a function of time.

(b) Lattice constant obtained from various compositions
in short and long runs.



1.71*

1.73

1.72

1.71

CD

1.67

11.85

1.70 -i. _ 11.90

_ 11.95

Temperofure , °C

Figure 3. Lattice constant aa and refractive index n of grossularite formed at different temperatures.

Hydrogarnet Solid Solutions

The formation of a complete series of solid solu-

tions from CsAHs to C3AS3 was never achieved at a
single temperature, and the evidence strongly sug-
gests that the complete series is not stable. Two
possible types of "hydrogarnets" are formed—one
apparently a stable series extending from CsAHe
to about C3AS2H2 at relatively low temperatures,
and the other at intermediate temperatures (300-
600 °C) probably metastable and limited in extent
from grossularite to about C3AS2.75Ho,5. These
assumptions are based on the data obtained as

follows :

Runs up to the maximum stability temperature
of C3AH6 (about 300 °C at 2000 "atm.) yielded
single-phase solid solutions extending beyond
about C3AS1.5H3, probably as far as C3AS2H2, but
other phases in addition to hydrogarnet were
formed from mixtures richer in silica. The sta-

bility of such phases was tested by increasing the
duration of the runs in a series, which did not
affect the product materially. Typical results are
given in figure 4, which shows the lattice constant
ao of garnet or hydrogarnet formed as a function
of composition at certain significant temperatures.
The cell constant of the hvdrogarnet solid solu-
tion formed at 300 °C between C3AH6 and C3AS2H2
can be expressed by an almost straight line inter-

polation between the values for CsAHe and C3AS3,

although, as mentioned above, the solid-solution

series was not complete. Instead of crystallizing

grossularite, high-silica mixtures yielded hexagonal
anorthite plus the appropriate calcium silicate hy-
drate in addition to a hydrogarnet.
Runs at the next higher temperature 350 °C

yielded from the 1..5 Si02 composition a nearly

single-phase hydrogarnet having, however, a much
smaller Qq than that formed at 300 °C. Composi-
tions on either side yield a hydrogarnet which has
very nearly the same cell dimension as that from
the C3AS1.5 composition, mixed with other phases.

These data suggest a maximum thermal stability

of a hydrogarnetf near the 1.5 mole Si02 composi-
tion (perhaps as high as 2.0 Si02 and stable only
below about 360 °C). At 450 °C grossularite con-

taining very little H2O and having ao=11.89 A was
obtained from C3AS3, as well as in other composi-
tions up to C3AS1.5, in which it was mixed with

other phases. At 500 to 600 °C the garnet formed
was essentially anhydrous, with ao=l 1.86-1 1.88 A.

In addition to changes in lattice constant,

changes in the intensity pattern of the X-ray re-

flections from hydrogarnet solid solutions obtained
at 300 °C are observed, and typical patterns of

difl^erent compositions are given in table 1. In-

crease in silica content diminishes the intensities

of the low-angle reflections.
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3.0

Composition, Moles SiOg

Figure 4. Lattice constant of garnet formed on CsAHe-CjASa join at different temperatures.

Table 1. Intensities of reflections in hydrogarnets formed at SOO °C

Composition
Mol. ratio kkl

CaO AI2O3 SiOz H2O 211

4

2

1

220

2
1. 5

310 321 400 420 332 422 431,510 521 440 611,532

1141 3
3
3

1

1

1

0. 75
1.5

2

(4. 5)

(3)

(2)

2.5 5

5

4. 5

10
10
10

(vw)
2 2.5

2

1.5

2.5
2
1

5

3
2.5

6

3

2. 5

1142 __

1157 __

Temperature-Composition Diagram for C3A-C3AS3 Mixtures

The results of studies along the C3AH6-C3AS3
join are summarized in a temperature-composition
diagram in figure 5, illustrating the phases formed
under water pressures of 1000 to 2000 atm from the
anhydrous compositions indicated on the abscissa.

A single-phase area is shown as existing stably
only from CsA^Hg) to about CgASaCHs) ; the hydro-
garnet of maximum thermal stability is near the
latter composition, stable to about 360 °C while
higher-silica compositions yield this hydrogarnet-f-
hexagonal anorthite+ (probably) xonotlite. Gros-
sularite or a slightly expanded hydro-grossularite
(metastable?) mixed with C4A3H3 and Ca(0H)2

are formed at intermediate temperatures, while

C12A7 is formed above the decomposition tempera-

ture of C4A3H3. Above 860 °C grossularite de-

composes to woUastonite+gelilenite+ anortliite.

The join CS-C12A7 furthermore appears to be

stable at high temperatures. Dashed lines indi-

cate probable relations. The alternative explana-

tion of our data would entail moving the horizontal

line at 360° to about 550 °C which would mean
that a complete series of stable solid solutions

could form and that the low-temperatm"e silica-

rich assemblages were metastable.
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Figure 5. Temperature-composition diagram for the C3A-C3AS3 join at 2,000 atm H2O pressure.

An alternative interpretation would be to move the phase boundary at 360° to 550°, making the sOica-rich hydro-grossularite stable, and the silica-rich low
temperature assemblages metastable.

The Join C12A7-C3AS3

Early results obtained on the join C3AS3-C3AH6
indicated that the C12A7 formed at higher tempera-
tures from decomposition of members near CaAHg
was variable with respect to index of refraction,

lattice constant, and the intensity pattern of the

X-ray reflections. Solid solubility of C3AS3 in

C12A7 might be postulated to explain the differ-

ences. The compound C12A7 has a unit cell size

only slightly larger than that of grossularite, and
it was thought probable that the open structure

of C12A7 [11] would enable it to incorporate silica

into its lattice without any very drastic effects.

In order to test this theory, mixtures along the
join C12A7-C3AS3 were made at molar ratios of

90:10, 80:20, 75:25 and 10:90, using C36A21 and
C24AgS24 as equivalent formulas for C12A7 and
C3AS3, respectively.

The results unfortunately were not unequivocal.
While in a single run a very slight decrease in cell

constant with increasing C3AS3 was observed, from
one run to another the values overlapped. Fur-
thermore, even in the 10 percent C3AS3 mixture a
second phase was usually detected (gehlenite), and
no clear determination of refractive index changes
in the C12A7 could be made because of the very
small crystal size obtained in sealed tubes. The
indices are, however, higher than those usually

reported, being 1.610 ±0.002 for a sample pre-

pared hydrothermally at 750° and 1,000 atm and
in mixtures where Si02 was present were as high

as 1.624 ±0.003, which would suggest some incor-

poration of Si02 into the structure. Certain differ-

ences in the intensity pattern of the X-ray re-

flections were observed, but were not entirely

consistent. The overall results can merely be
taken to suggest a small extent of crystalline

solubility of C3AS3 in C12A7.

Zeolitic Behavior of H2O in "C12A7"

One of the most unexpected findings of this

study was the remarkable dehydration behavior
of "C,2A7" and the hydrogarnet series (e.g.,

C3AS1.5H3). In contradistinction to normal dis-

crete hydrates in which above a certain tempera-
ture for a certain partial pressure of H2O the
composition of the phase(s) remains constant,
zeolites absorb and desorb water as a function of

temperature (with p^^^o fixed) without structural

change. It was found that C12A7 can absorb
water even at 1000 °C at a _Ph20 of 16 mm. Figure

6 shows the recording balance records of adsorp-
tion and desorption of water at a pressure of

16 mm as the temperature is varied. The solid

curve was run at a heating rate of 3 °C per
minute, while the circles show the relative weight
of the sample after holding at the indicated tem-
perature for several hours (in all cases except the
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1200 °C point). All the steps indicated are revers-

ible on heating and cooling.

Furthermore, there appears to be a correlation

of the index of refraction and lattice constant of

C12A7 with water content: Anhydrous C12A7 pre-

pared at 1330 °C and examined immediately had
n= 1.616 ±0.002, while that prepared hydrother-
mally at 750 °C and 2,000 atm hadn= 1 .610 ± 0.002.

A slight increase in cell dimension with increasing

H2O content was observed as follows: for the c?642

spacing: 1330 °C= 1.6006; 300 °C (at ^)h20=16

mm)= 1.6012; and 750 °C, 2,000 atm=1.6019 (all

±0.0002 A). The effect of water on the C12A7

properties therefore appears to be more consistent

than the effect of solid solution with C3AS3. In-

deed it is clear that C12A7 under ordinary atmos-
pheric condition is not an anhydrous phase at all

but rather a hydrate fairly close to the composi-

tion C12A7H.

400 800 1200
TEMPERATURE , °C

Figure 6. Recording balance data for C12A7.

Heating curve at 3 deg per minute.

"Hydro-Grossularite"

In line with the conclusion that hydrogarnet
solid solution was limited to the C3AH6-C3AS2H2
region, and that such solid solutions were stable to

only about 360 °C, an attempt was made to de-

termine the nature of the slightly hydrated product
obtained near the C3AS3 composition at intermedi-
ate temperatures. First, the time study made at

550 °C and 10,000 psi (see fig. 2) revealed that
expanded hydrated structures were obtained at

first in very short runs, but that increased time
resulted in a product approaching grossularite,

both for C3AS3 and intermediate compositions (in

the latter case mixed with other phases).

The hydration-dehydration behavior of some of

these apparently metastable products was studied
by means of the recording balance. Figure 7

shows some of the results from a phase formed at

520 °C, 10,000 psi for 2}^ hours, a garnet with
ao= 11-91 A. The curve was obtained by heating
at 6 °C per minute at ^>h20=16 mm, while the

circles represent values after heating for several

hours. The arrows from the 600° and 625 °C
points indicate reversibility, but the 850° product
rehydrated only partly on cooling to 300°, as

shown by the dashed lino. In this respect the
"hydro-grossularite" differs from C12A7, although
the "zeolitic behavior" persists at least as high as

625 °C, and involves approximately 3 percent
reversible loss or gain.

Additional runs were made in attempt to re-

hydrate crystalline grossularite which had been
synthesized at 750 °C and 30,000 psi. The results

were negative at 325 °C and 30,000 psi and 525 °C
and 55,000 psi. Results of other runs to determine
whether or not a little H2O could be stably incor-

porated into the structure of an intermediate com-
position, C3AS2.6, were not too conclusive. An
expanded lattice with ao= 11.92 A was formed
after 24 hours at 525 °C and 55,000, but decreased
with increasing time.

3 8

-' 2.0
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Figure 7. Recording balance data for "Hydro-grossularite."

Heating curve at 6 deg per minute.

From all our data it is clear that in glasses and
gels of composition near grossularite, the calcium-

aluminum-rich phases always crystallize first

metastably, leavmg some silica which then reacts

very slowly to give the equilibrium phase. In

addition the possibility of quite a different type

than the tetrahedral hydroxyls may also enter the

structures.

This study is part of a research program on

polymorphism and subsolidus phase equilibria

sponsored by National Science Foundation grants

G-1000 and G-4648.

(This paper is Contribution Number 60-13, Experiment Station, College of

Mineral Industries, The Pennsylvania State University).
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Paper III-SIO. Calcium Exchange in Systems of

^CaO.Si02yH,0-Ca(OH),-H,0*

T. Thorvaldson, F, W. Birss, and K. G. McCurdy

Synopsis

The exchange of calcium between hydrated C3S and sohitions of Ca(0H)2 in equililjrium
with it was studied. Two types of exchange seem to occur, one a rapid and the second a slow
process. Comparisons are made between the exchange behavior of hydration products
formed in the unsaturated range, a hydration product formed in supersaturated calcium
hydroxide, and afwillite.

Resume

Etude est faite de I'^change de calcium entre le C3S et les solutions de Ca(0H)2 en
^quilibre. I'Deux types d'echange semblent se produire, I'un est un proced6 rapide et I'autre un
precede lent. Des comparaisons sont stabiles entre le comportement d'echange des produits
d'hydratation formes dans le domaine non sature, d'un produit d'hydration form4 dans la

solution de I'hydroxide de calcium sursature, et de I'afwillite.

Zusammenfassung

Der Kalziumaustausch zwischen hydratisiertem C3S und Ca(OH)2-L6sungen, die im
Gleichgewicht stehen, ist untersucht worden. Augenscheinlich ereignen sich zwei Arten des
Austausches: eine vollzieht sich schnell, die andere aber langsam. Die Austauschverhalten
der hydratisierten Produkte, welche von der ungesattigten Losung gebildet werden, des
Hydrates, welches in itbersattigten Kalziumhydroxyd geformt wird, und des Afwillits,

werden verglichen.

Introduction

The very interesting paper of Brunauer and
Greenberg on the hydration of C3S and 13-C2S

presents a clear account of the problems and the
difficulties met with in the study of the hydration
of the silicates of portland cement and gives an
excellent report of the progress to date in that
field.

The experiments which we wish to describe
have been in progress somewhat intermittently
during the last eight years. They grew out of

attempts to determine the molar ratio of CaO/
Si02 (referred to as r in what follows) in the
hydration products of C3S and fi-CS without
carrying the hydration to completion [1].^ C3S
and /3-C2S labeled with the radioactive isotope
Ca-45 were hydrated, with agitation, in a solution
of calcium hydroxide near saturation or in the
metastable region of supersaturation, and the
fraction of the isotope appearing in the solution
was plotted against moles of lime liberated per
mole of the silicate. Tbe curve obtained was then
compared with theoretical curves for various r

values, derived on the assumption that the silicate

passes through the solution in the process of hydra-
tion. A general equation connecting the fraction
of the isotope liberated to the solution and the
r-value of the hydrated silicate was developed.
This equation was developed on the assumption
that exchange of calcium between the solution

* Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the University of Saslcatchewan,
Saslcatoon, Canada. (Co-author Birss is now at the University of Alberta).

Figures in brackets indicate the literature references at the end of this
paper.

and the hydration product, after its precipitation

from the solution, was negligible during the time
of the experiment. A similar method was used
for determining the value of r by using unlabeled
C3S, hydrated in a solution of lime labeled with
Ca-45.

Considering the poor crystalline condition of

the solid hydration product and the variation of

its CaO/SiOa ratio with the concentration of

calcium hydroxide in solution, one would expect
at least a moderately rapid exchange of calcium
ions between the solution and the hydrated solid.

This exchange would affect the radioactive count
of the solution and therefore also the curve for

the radioactivity of the solution against lime

liberated per mole of silicate. The amount of

change in the curve would vary with the time of

the experiment. The two extreme cases, no
exchange and complete equilibrium exchange of

the isotope, are readily subject to mathematical
treatment. The object of the original work was
to develop an experimental method by which /

could be determined without completing the

hydration of the silicate and to obtain evidence

as to whether its probable value in a saturated or

slightly supersaturated solution of lime at 21 °C.

approximated 1.5 or 2.0. It so turned out that

even with the extreme condition of complete
exchange the theoretical curves were not altered

sufficiently to affect the conclusion that the value

of r in a saturated solution of calcium hydroxide,

at 21 °C., under the conditions of the experiments
approached 1.5. However, if one is to use the
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theoretical expressions for calculating exact values

of r from data obtained by the tracer method
under given conditions, exchange becomes of

major importance. This led to a further study of

exchange in such systems.

A theoretical paper has been prepared and sub-

mitted for publication by Fraser W. Birss in which
mathematical expressions, by which r may be
calculated, are developed on the basis of tracer

methods for various mechanisms of hydration of

the "through-solution" type, as well as for "direct"

hydration, and for "hybrid" mechanisms com-
bining some of the features of through-solution

an d direct hydration.

The tracer method has been tested by its

application to the better understood mechanism
of the hydration of plaster of paris, where the
product is known, at least when excess of water
is used, to separate from supersaturated solution

as well-formed crystals of gypsum. The experi-

mental results for the hemihydrate labeled with
Ca-45 agreed well with the assumption of a
through-solution mechanism for the hydration,
and indicated no appreciable exchange between
calcium ions in solution and the calcium in the

crystals of gypsum after formation, in the time
required for the hydration experiments. [2]

Experimental

In 1953 one of us decided to make a study of

the exchange of calcium between a solution of

calcium hydroxide, labeled with Ca-45, and
completely hydrated C3S. The hydrations were
carried out by placing C3S and carbon-dioxide-free

water in sealed steel tubes lined with pure sUver
or fine gold and revolving the tubes, end over end,

at. 30 revolutions per minute for long periods of

time in a room thermostated at 21 °C (and in

later experiments at 25° and 8 °C).

The tubes were then centrifuged and two 25-ml
portions of the clear supernatant liquid titrated

with 0.06 M HCl using modified methyl red as

indicator. The liquid removed was replaced by a

solution of exactly the same concentration of

calcium hydroxide containing the labeling agent
Ca-45, and the tubes replaced on the shaker.

From time to time they were centrifuged and 3

replicate samples of 0.5 ml were removed for

counting. The counting times for each sample
were such as to give 1 percent standard deviation
(about 10,000 counts). Each replicate was counted
three times and the 9 results averaged. Cor-
rections were made for background, radioactive
decay, and for coincidence if necessary. The
above applies to all the experiments unless other-

wise stated.

The HCl was standardized against individual

samples of CaO, freshly prepared from purified

low-alkali CaCOa (less than 0.002 percent of

Na20). The value obtained by titration was
checked by gravimetric determination of calcium
with excellent agreement. The two samples of

C3S used were prepared, in platinum, from highly
purified silica and the CaCOa described above, in

an induction furnace. The analysis follows

:

SampZe CaO (Total) SiOi R2O3 CaO (free)

% % % %
1-37 73. 75 26. 21 0. 07 0. 04
1-53 73. 71 26. 22 nil 0. 03

The first three tubes were on the shaker for

10)^ to 1 1 months. They gave final concentrations
of 3.15, 10.20, and 20.45 millimoles CaO per liter

and calculated r-values of 1.00, 1.272, and 1.392,
respectively. Dissolved Si02 was determined, and
correction was made in calculating the lowest

r-value. No silica was found in the liquid in the
other tubes. Later control experiments, the tubes
containing solutions of calcium hydroxide but no
C3S, showed no change in titer after being shaken
for several months.
The exchange experiments gave a rapid loss in

the activity^ of the solution during the first 12

hours, indicating rapid exchange of calcium, the
percentage loss during this period increasing with
the r-value of the hydrate. After 12 hours the
rate of loss of activity decreased greatly. Cal-
culations of the ratio of the moles of lime not ex-

changed per mole of SiOa indicated that this ratio,

in the case of r=1.27 and 1.39, reached a gently
sloping plateau at a value slightly above 1 in two
to five days. For r=1.00 the plateau was not so

evident, and the exchange continued at a more
rapid pace.

The calculations were made by means of the
expression x (the moles of lime in the solid hydrate
which at a given time have reached exchange

equilibrium with the solution)= a 1^ where

a= moles of lime in the solution; T= total activity

in the system; A= total activity in the solution.

The moles of lime not exchanged per mole of

silica= ) where m=moles of lime and s= moles
s

of sUica in the solid hydrate. T and a were cor-

rected for the removal of activity and lime from
the solution due to a previous sampling. The
results are given in figure 1 [3].

Other hydrations were carried out on the

shaker, at 25 °C, for periods of from 10 to 31

months. After adding the isotope the change
in activity with time was treated graphically.

(Four 0.5 ml replicates were taken at each sampling
and counted as above, and the 12 values for

activity were averaged.)

The specific activity of the lime in solution

was calculated at each sampling. The log of the
specific activity was then plotted against time.

This plot gave a straight line, after a short initial

period, and by extrapolation to zero time (i.e.,

the time of the introduction of the isotope) one

2 The term "activity" will be used to denote radioactive count.
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can separate the effect on activity of the slow
and the initial fast exchange, the latter usually

being complete in 2 to 3 days. Figure 2 for a

hydrate of r= 1.404, and figure 3 for one with
r—1.05, are examples of the curves obtained.

From the initial activity of the solution and
the extrapolated value for the slow process, one
may calculate the exchange of activity with the

solid during the fast process and the amount of

calcium in the solid which reached exchange
equilibrium with the calcium in the solution

(i.e., equal specific activity). As the weights
of calcium and silica in the hydrated silicate are

known from the hydration data, one may then
calculate the molar ratio of the lime not exchanged
to the silica in the solid.

This calculation may be accomplished in a

single step by substituting the experimental
values in the equation

where

(ao+m)Ai— apAo

sAi

^0= molar ratio of the calcium not exchanged
by the fast process to the total silica in

the hydration product
Ao=initial activity of the solution (reg/0.5 ml/

min) ^

Ai= the extrapolated activity of the solution-

time curve at zero time (reg/0.5 ml/min)

FiGUEE 1. Calcium exchange in an equilibrium system:
Labeled Ca(0H)2 solution-solid hydrated CS at 21 °C.

9, Ca0/Si02=1.39; •, CaO/ii02=1.27; O, CaO/SiOa=1.00.

0,0= total CaO in the solution at the beginning
of the exchange reaction (millirnolos)

m= total CaO in the hydratioD pr(j(luct

(millimoles)

.s'= total Si02 in tlie liydralioii prochict

(millimoles).

As an alternative to the above one obtains
the same result by plotting the logarithm of the
specific activity of the CaO in the solid hydrate
against time, extrapolating the curve for the
slow reaction to zero time and calculating rr,.

Table 1 gives a summary of the results of the
hydration and exchange experiments.

Table 1. Summary of results

Final cone. Overall Tem-
Experiment Weight Time of Ca(0H)2 molar Calc. pera-

CsS hydration in solu- CaO/Si02 TO ture
tion « ratio

g TOO mM "C
121 b 0. 0257 11 3. 15 1.00 0.76 21

122 .1007 10.5 10.20 1.272 1.09 21

123 .2168 11 20. 45 1.392 1.14 21

502 .1007 14 10.30 1.261 21

503 .2168 14 20. 40 1.391 21
56" . 1000 11 12.39 1.323 1.05 25
58 .1000 24 12.54 1.296 0. 95 25
57 . 1000 31 12.39 1.328 1.06 25
62 .1850 11 19.88 1.405 0.98 25
59 .1850 10.3 19.89 1.404 .94 25

• Saturated solution of Ca(0H)2 at 21 °C—20.95 millimoles/liter
at 25 °C—20.15 millimoles/liter [7].

b Experiments 121-123, 502 and 503: C3S 1-53 was hydrated in 75 ml IIjO.
" Experiments 56-59 and 62: C3S 1-37 was hydrated in 75 ml of solution con-

taining 2.55 millimoles CaO/liter.

TIME (days)

Figure 2. Calcium exchange in an equilibrium system:

Labeled Ca(0H)2 solution-solid hydrated C3S at 25 °C.

Ca0/Si02 ratio=1.40.

Accelerated Hydration of C3S

The long time, and the uncertainty as to the
time required, for complete hydration represent
difficulties in studying the hydration products
of C3S. Ball-mill hydration and quantitative
X-ray analysis used by Brunauer and Greenberg
(paper III-l, this Symposium) are partial rem-
edies for these difficulties. The authors have
accelerated hydration greatly by introducing a
mass of crumpled thin pure silver foil into the
silver lined reaction tubes. Such baffling of the

3 OnereEister (reg.)=64 counts.

flow of liquid with movable foil caused formation
of colloidal silver in the liquid, but blanks indi-

cated that this did not materially affect the

titer of the lime solutions. The hydration of

C3S in some instances appeared to be complete
in less than 3 weeks, but most of the hydrations
by this method were continued up to 2 months.
Consistency was not quite as good as in the

experiments of table 1, and the titers tended to

be higher, giving lower r-values, possibly due

to variation in the size of the particles of the
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Table 2. Accelerated hydrations of C3S, using baffles

Experiment
at 25 °C

Weight Time Final
of C3S cone.
No. 1-37 dratioD. Ca(0H)2

Q mo
6-59 * 0. 1850 0. 75 20. 4 1. 36 0. 96
6-59 1850 75 20. 5 1. 35 0. 90
8-59 . 1850 I. 5 20. 2 1. 38 1. 06
9-59 . 1850 2. 0 19. 9 1. 41 0. 89

10_59 . 1850 2. 0 20. 3 1. 37 1. 03
11-60 1600 3. 5 18.

1

1. 35 1. 04

6—60 ^ 0265 2. 0 3.

1

1. 05 0. 85
6-60 !0458 2!o i 1 LIO l82

at 8 "^C "

1-60 .2350 5.0 22. 43 1.37 1.08
2-60 .2350 5.0 22.67 1.36 0. 97

3-60 .1175 5.0 12. 13 1.24 1.05

» Experiments 5-, 6-, 8-, 9-, 10-59 and 11-60 were hydrated in 75 ml of a
solution containing 2.66 millimoles CaO/liter.

>> Experiments 1-, 2-, 3-, 5- and 6-60 were hydrated in 75 ml of water.
« Saturated solution of Ca(OH)j at 8 °C—22.5 millimoles/liter [7].

hydration product. The presence of the colloidal

silver and the fine subdivision of the hydrate
made the accurate determination of refractive

index more difficult, but no material of refractive

index higher than 1.60 was discovered, indicating
the absence of afwillite. The results obtained
by this method are given in table 2.

Parallel exchange experiments were made with
afwillite.* Its behavior is entirely different from
that of the hydration products of C3S. In solu-

tions of high concentration there is at first a very
slight and equivalent drop both in concentration
and activity of the solution with no further

significant changes. This is further evidence that
the products in table 2 were similar to those of

table 1 and that appreciable amounts of afwillite

were not present.

Discussion

When interpreting the experimental results one
should bear in mind that the system remains in

chemical equilibrium during the exchange of

calcium between the liquid and solid phases.

The hydroxyl concentration of the liquid phase as

determined by titration and that of calcium as

determined by semi-micro quantitative analysis,

remain unchanged and chemically equivalent.

The isotope effect of Ca-45 may be considered
negligible. The change in the distribution of the

radioisotope between the solution and the hydrate
is thus a measure of the exchange of calcium
between the two phases.

At first it was the intention to eliminate the

calculation of the decay of the radioisotope by
counting a control solution stored in a pyrex
glass container. It was found that the loss in

activity of the control solution was greater than
that calculated from the half-life of Ca-45. Solu-
tions stored in the gold and silver lined tubes did
not show this discrepancy. Apparently there was
appreciable exchange of calcium between the

•solution and the glass of the container. The
decay was therefore calculated on the basis of a
half-life of Ca-45 of 165 days, the value determined
experimentally. This is in good agreement with
the latest figures found in the literature.

From the experimental results it is obvious
that a large part of the calcium present in the

solid hydration product of C3S is subject to com-
paratively rapid exchange with calcium present in

the equilibrium solution and that the amount
of this labile calcium increases with the ratio

of lime to silica in the hydration product. The
remainder of the calcium exchanges at a very
slow rate.

The similarity of the exchange curves to those
for the adsorption of a solute from an aqueous
solution by a solid powder may suggest that one
is simply dealing with the attainment of equi-

librium by an exchange of the calcium-45 ions in

the solution with the ordinary calcium ions already
present in a typical adsorbed layer on the surface

of the hydrated silicate. However, for a number
of reasons it is difficult to accept this view:

(1) The reader is referred to the evidence for

the preferential adsorption of water and low ad-
sorption of lime by tobermorite in paper III-l by
Brunauer and Greenberg.

(2) Our experiments on hydration of C3S under
greatly varying conditions support this finding.

By microscopic measurements it was found that

the average diameter of the crystalline aggregates
of the hydrate in experiment 57 (at 31 months)
was about twice that of the particles of experi-

ment 56 (at 11 months, table 1). There was,
however, no significant difference between the

equilibrium concentrations of lime (or the r-

values) of the two experiments. Our baffled hy-
drations, which gave very finely divided hydration
products, tended to give r-values somewhat lower
than the corresponding long-term hydrations.

Thus, there is no indication of an increase in the

adsorption of lime with decrease in particle size,

which might be expected to give rise to an increase

in surface area.

(3) Hydrations at 8 °C gave markedly lower
r-values for the solid hydrate than those at 25 "^C.

This would mean less adsorption at the lower
temperature.

(4) Exchange of radioactive ions in solution

with ions in the surface layers of ionic crystals

usually reaches equilibrium in a few minutes.
Paneth and Vorwerk [5] found that when a finely

divided precipitate of lead sulfate was shaken
with a saturated solution containing some Pb-112,
a steady state was attained in about one minute.

< The sample of afwillite was kindly supplied to the senior author In 1929

by John Parry [4] and was composed of pure crystalline material from the
oriffinal discovery at Kimberley. Our analysis pave CaO, 49.30%; SiOj,

34.i2%; and H2O, 16.44% after drying at 100 °C.
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Singleton and Spinks [6] added a small amount of

Sr-90 to precipitated strontium sulfate in equi-

librium with its solution and found that, with
shaking, the primary exchange reaction was com-
plete in less than one minute, while a slower

secondary process or processes continued for one
to two hours. This compares to days required in

the case of the hydration product of C3S.

(5) In several of our exchange experiments the

initial activity of the solution (i.e., at zero time),

calculated on the basis of the law of mixtures, was
compared with the experimental value obtained
after violent shaking by hand for one minute
with subsequent centrifuging (10 min). For C3S
hydration products of medium r-values the two
agreed within the expected 1 percent statistical

variation while for products with high r-values

the drop in activity was slightly in excess of this.

Had there been a large amount of adsorbed lime
on easily accessible solid surfaces one would expect
a rapid drop in the activity of the solution during
the first minute. The above applies only to aged
precipitates. It is well known that fresh precipi-

tates behave differently, probably because of

recrystallization on aging.

One is thus tempted to suggest that the ex-

change experiments distinguish between two cate-

gories of calcium with a marked difference of

chemical bonding in the crystal lattice and that

the exchange takes place throughout the whole
mass of the hydration product, therefore being

much slower than ordinary adsorption, but still

quite fast compared to exchange with the lime of

the basic crystal lattice.

Some experimental difficulties were encoun-
tered. On centrifuging, the hydrated silicate

tends to form a solid cake whi(^h may be difficult

to disperse by mechanical shaking. The slowing
up of the fast exchange (e.g., fig. 2) may result.

A possible remedy would be ultrasonic dispersion.

After the preliminary experiments the number of

samplings were reduced to the minimum required
to define the curve for the slow exchange (e.g.,

fig. 3). Test samples were also removed by filter

sticks without centrifuging.

TIME (days)

Figure 3. Calcium exchange in an equilibrium system-
Labeled Ca(0H)2 solution-solid hydrated C3S at 25 °C.

CaO/SiOj ratio = 1.05.

Exchange in Hydration Products Formed in the Supersaturated Region

Two hydrations at 21 °C. (without baffling)

were begun with the object of maintaining the
concentration, by periodic dilution, in the meta-
stable region just above saturation. Actually,
during the 12-month hydration, the supersatura-
tion varied from 2 to 22 percent. The CaO/Si02
ratios in the solids were 1.99 and 1.98. The rapid
exchange indicated ratios of CaO (not exchanged)
/Si02 of between 0.5 and 0.6 in 12 hours, and of

less than 0.5 in 3 days, followed by slow exchange.
Thus, instead of a hydration product giving the
typical exchange curves of figures 1 to 3, the mitial
rapid exchange accounted for three-fourths of the
total lime in the sohd phases. White's test for

calcium hydroxide was strongly positive and
microscopic examination of the hydration products
disclosed many large crystals of calcium hydroxide.
Exchange experiments with finely divided cal-

cium hydroxide crystals indicated that the slow
secondary exchange may have been due to the
calcium hydroxide in the hydration product.
These experiments indicate that hydration of

C3S under conditions of supersaturation, and in

the presence of the calcium hydroxide phase, may
produce a hydration product which exchanges all

its lime very rapidly. The experimental result

should, however, be considered subject to con-
firmation.

It should be noted that in these two experi-

ments there was appreciable absorption of carbon
dioxide due to the many openings of the reaction

vessels for titration in order to follow the degree
of supersaturation. The other hydration prod-
ucts (tables 1 and 2) were free from contamina-
tion of carbon dioxide at the start of the exchange
experiments, and only in those used for the de-

termination of an excessive number of points on
the exchange ciu-ves could any material of high
birefringence be detected in the hydration
products.
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A. G. Graham, Roger Kelly, and Betty-Gene
Lepine for assisting from time to time with the

preparation of the hydration products used in the

excliange experiments. They also wish to express

their appreciation to Dr. K. J. McCallum for

valuable advice, and to Dr. A. R. Byers, Professor

of Geology, University of Saskatchewan, who on
many occasions made microscopic examinations
of both the original silicates and the reaction

products.
Thanks are also due to the National Researcli

Council of Canada for financial support.
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Paper III-Sll. Kinetics of Reaction in the System CaO-SiO, -H,0*

p. E. Halstead and C. D. Lawrence

Synopsis

The kinetics of the reaction between colloidal silica powder and lime solution, in the
temperature range 10 to 50 °C, indicate a through-solution mechanism with the dissolution
of silica as the slow step. The activation energy obtained for the process is 16.7 kcal/mole.

It has been found possible to express the concentration of silica and lime in solution
during the reaction, and in the equilibrium system CSH—solution finally produced, in terms
of a solubility product relationship.

Resume

La cin^tique de la reaction entre la poudre de silice colloidale et la solution de chaux,
dans la gamme des temperatures 10 k 50 °C, indique un m^canisme qui s'op^re par la voie
de la solution, la dissolution de la silice constituant le stade lent. L'^nergie d'activation
obtenue pour ce processus est de 16,7 kilocalories/mol6cule-gramme.

On a constate que la concentration de la silice et de la chaux en solution pendant la

reaction, et dans le syst^me d'^quilibre CSH—solution finalement produite, peut etre

exprim^e en fonction du produit de solubility.

Zusammenfassung

Die Kinetik der Reaktion zwischen kolloidalem Siliciumoxyd-Pulver und Kalklosung,
im Temperaturbereich 10 to 50 °C, deutet auf einen Mechanismus hin, der sich durch Ver-
mittlung der Losung vollzieht, wobei die AuflQsung des Siliciumoxydes die langsame Stufe
darstellt. Die bei diesem Vorgang erhaltene Aktivierungsenergie betragt 16,7 Kilocal/Mol.

Dabei war es moglich, die Konzentration des Silicium-oxydes und des Kalkes in der
Losung wahrend der Reaktion, sowie im Gleichgewichtssystem CSH—endgiiltig gebildete
Losung, in eine das Loslichkeitsprodukt enthaltende Beziehung auszudriicken.

In recent years considerable attention has been
paid to the composition of the solid phase in the

system CaO-Si02-H20 and in particular to the

lime : silica ratio of the solid in equilibrium with
calcium hydroxide solution of various concentra-
tions. Comparatively little work has been re-

ported on the composition of the liquid phase in

equilibrium with calcium silicate hydrates. This
paper reports the results of some measurements
of reaction kinetics in the system and of the
composition of the liquid phase.

In 1934 Cummins and Miller [1] ' followed the

reaction between saturated calcium hydroxide and
siliceous powders by conductivity measurements,
and at equilibrium, by analysis. In these ex-

periments the reaction velocities were affected

considerably by the nature of the siliceous parti-

cles, and in general equilibria were only established
after a period of several days.

Also in 1934, Flint and Wells [2] made an ex-

tensive study of the solubility of silica in calcium
hydroxide solutions and obtained curves relating

the concentrations of Ca(0H)2 and Si02 in

equilibrium in aqueous solution. Families of

curves were obtained, of the same general form
but differing according to the source of the so-

lutions, i.e., whether obtained by reaction of

Ca(0H)2 and Si02, or by decomposition by
hydrolysis of various calcium silicate hydrates.
A month was allowed for the systems to reach
equilibrium.

In 1950 Taylor [3] reported a few measurements
of the silica concentration in solution in equilib-

rium with solid calcium silicate hydrates of

various lime: silica ratios. In these experiments

also, the time taken to attain equilibrium was
days or months.

In the work reported here, experiments similar

to those mentioned above have given similar

results but in a much shorter time and with fewer

apparent anomalies. An interpretation of the

results is offered on the basis of classical solution

theory.

Experimental

The mechanism of the reaction between silica

powder and calcium hydroxide solution is rela-

tively complicated on account of the presence of
divalent calcium ions and the fact that the reac-

*FouTth International Symposium on the Chemistry of Cement, Washing-
ton, DC, 1960. Contribution from the Research and Development Division
of the Cement and Concrete Association, London, England.

' Figures in brackets indicate the literature references at the end of this
paper.

tion product is comparatively insoluble in water.

As an exploratory step, therefore, the simpler

reaction between silica and sodium hydroxide
solution was studied. In other experiments cal-

cium hydroxide solution was substituted for the

sodium hydroxide solution.

The apparatus used for the reactions consisted

of a Pyrex three-necked flask of either 30-ml or
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1 -liter capacity immersed in a constant-tempera-

ture water bath.

The larger vessel was used for both the sodium
hydroxide and calcium hydroxide experiments,

and samples of solution were withdrawn from it

for silica determination through a porous poly-

vinyl chloride filter equivalent in porosity to a

No! 4 sintered glass filter. Since, for the measure-
ment of calcium hydroxide concentration it was
not necessary to withdraw samples of solution, the

smaller vessel was used for calcium hydroxide

reactions when only calcium hydroxide concen-

trations were to be measured.
A known volume of calcium hydroxide or so-

dium hydroxide solution was introduced into the

vessel, precautions being taken to prevent contact

with atmospheric carbon dioxide.

After the solution had reached the temperature
of the water bath, a weighed amount of silica

powder (B.D.H. "Colloidal Silica Powder" of

specific surface ca. 220 mVg-) was introduced as

quickly as possible. A magnetic stirrer in the

vessel kept the silica powder in suspension and the

concentration of the solution uniform.

Measurement of Concentration of Calcium
Hydroxide in Solution

The method of measuring the concentration of

the calcium hydroxide in solution consisted of

measuring its electrical conductivity using a dip

cell (Mullard type E. 7591) and a Wheatstone
bridge fed from an alternating current supply of

frequency 1 kc. Earphones were used to balance
the bridge. From the conductivity and a pre-

viously constructed calibration curve, the con-
centration of the solution could be determined.
The electrical conductivity of calcium hydroxide

solution is essentially due to the hydroxyl ions

present and in the range of concentrations en-
countered in this work provides an easier and
more accurate method of measuring small changes
in Ca(0H)2 concentration than titration with
versenate or acid solutions. Conductivity measure-
ments are particularly convenient in that they
permit analysis to be made without removal or
loss of material and without exposure to atmos-
pheric CO2. It is important, however, to keep the
temperature of the solution closely controlled.

Measurements of the conductivity of calcium
hydroxide solutions and of the lime-silica reaction
were made over the range 10-50 °C and a range
of concentration of 0.0025-0.025 mole/liter. The
corresponding range of conductivity was such that
the measured resistance of the solution lay between
200 and 2,000 ohms. The results of these measure-
ments were in close agreement with the empirical

relationship

A,=AoM + x(t-25)]

where A25=equivalent conductivity at 25 °C
and x=empirical constant= 0.017.

A figure of a;= 0.018 has been quoted by Glas-
stone [4].

The Debye-Hiickel-Onsager equation applied to

Ca(0H)2 solutions at 25 °C gives:

A,= 252-210Vc

At c= 0.0034 g equivalents/liter, A,=239.5. The
experimental value obtained was 240.

Measurements of Concentrations of Sodium
Hydroxide in Solution

The conductivity measurements which provided
a convenient method of measuring the concentra-
tion of calcium hydroxide solution were used in a
similar fashion to measure the concentration of

sodium hydroxide in the reaction solutions in the
range 0-40 mm/liter.

Measurement of the Concentration of Silica

in Solution

Samples of solution withdrawn through the filter

from the reaction vessel were analyzed colorimet-

rically for silica content.

The standard procedure [5] was followed.

Citric acid was added to prevent interference by
calcium ions and 1:2:4 aminonaphthol-sulfonic
acid was used as reducing agent. The optical

density of the molybdenum blue coloration was
measured in a Spekker absorptiometer using 4-cm
cells and Ilford No. 608 red filters (transmitting
only light of wavelength 6400 A or longer) with a
mercury vapor lamp.

Five minutes were allowed for the yellow
molybdate complex to develop before adding the

citric acid and reducing agent. Development of

the molybdenum blue complex took a further

twenty minutes, and thereafter the optical density

remained constant for several hours. Using a

standard silica solution a straiglit-line calibration

graph of concentration against optical density

was obtained over the range 0-0.03 mM
silica/liter. The concentration range obtained
in this work was 0-12 mM/liter, and samples were
diluted to bring them within the calibrated range.

It was found that a suspension of the silica

powder in water gave no blue coloration when
subjected to the above procedure; therefore, traces

of silica powder wliich might have passed through
the filter were unlikely to have caused any errors

in the determination.
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Results and Discussion

In the experiments involving reaction between
sodium hydroxide and siUca powder, the results

obtained fit the expression

where a:=fraction of silica remaining in solid form
after time t, by assuming that the rate-determining
step was dissolution of silica from the surface of

spherical particles. The rate of solution was in-

dependent of hydroxyl-ion concentration in the

range 15-40 milliequivalents/liter. The average
activation energy for the reaction was found to

be 18± 1 kcal/mole over the range 25 to 45 °C. In
the particular conditions of the experiment,
approximately 55 percent of the silica enters

solution in the first hour at 35 °C. The progress

of the reaction as silica enters solution is ac-

companied by a corresponding decrease in sodium
hydroxide, or more precisely, hydroxyl-ion con-
centration. The relationship between dissolved

silica and decrease in hydroxyl ion could not be
explained by the formation of any simple silicate

ion in solution. The number of moles of silica

entering into solution was at all times greater

than the number of gram-equivalents of hydroxyl
ion removed.
On examining the results from similar experi-

ments in which the sodium hydroxide was replaced
by calcium hydroxide, a very different pattern of

reaction was observed (figs. 1 and 2). The
characteristic features are:

(1) A sharp initial fall in calcium hydroxide
concentration, occurring in the first minute of

reaction, followed by a steady fall in the next
few hours at approximately one tenth of the rate

of reaction found for the sodium hydroxide re-

action and independent of the calcium hydroxide
concentration, with an average activation energy
of 16.7 kcal/mole over the temperature range
10-50 °C.
The rate of reaction fell as the reaction pro-

gressed in a similar way to the sodium hydroxide
reaction.

(2) An initial very rapid rise in silica concen-
tration in solution, followed by a less rapid fall

to a concentration which remained stable for a
short period and then rose slowly as the reaction

proceeded.
We interpret these phenomena in the following

way:
(1) The initial sharp fall in the calcium hy-

droxide concentration represents adsorption of

Ca(0H)2 by the silica particles. The amount of

Ca(0H)2 adsorbed is roughly equivalent to a

layer of Ca''"^ ions on the surface of the silica

particles one ion thick.

A similar initial reaction was observed by
Cummins and Miller [1] and ascribed to the
formation of a superficial layer of highly hydrated
calcium silicate on the surface of the silica particles.
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The continuing fall in calcium hydroxide con-

centration takes place as the main chemical

reaction precipitates calcium silicate hydrate from
solution.

(2) The initial rapid rise in silica concentration

represents simple solution of the silica and occurs

at a rate comparable with that obtained in the

sodium hydroxide experiments. The fall in silica

concentration occurs at a point of critical super-

saturation with respect to calcium silicate hydrate
in solution. The silica concentration thereafter is

controlled at the saturation point of calcium
silicate hydrate, i.e., silica is entering and leaving

solution at the same rate. The saturation con-

centration of silica in solution rises as the calcium
hydroxide concentration of the solution is reduced
by the progress of the reaction.

On this interpretation, the rate-determining step

is the same in both reactions studied. In support

of this theory, the activation energies of the two
processes are nearly identical, and the rate of

reaction is independent of hydroxyl-ion concen-
tratioix in both reactions. The very much lower
rate obtained using calcium hydroxide may be
explained by the more ready adsorption of calcium
ions onto the surface silicate groups. If, as seems
likely, only silicate groups can undergo depoly-
merization, the adsorption of a calcium ion,

removing the negative charge on the surface

silicate group, removes the possibility of that group
entering solution. In effect, the surface area of

the particles available for dissolution is reduced in

the presence of calcium ions.

25 'C

A 35'

C

X i.5'C

1

SILICA CONCENTRATION (m M / LITER

)

Figure 3. Solution concentrations during lime-silica

reaction.

The form of the graph of lime and silica contents
of the reaction solution, after the initial stage, led
us to examine the relationship between lime and
silica content of solutions in equilibrium more
generally and we have found that the experimental
values taken over a wide range of conditions fit the
relationship:

[Ca(0H)2]^ [Si02]=i^

remarkably closely. (See fig. 3.)

The regression of [Ca(0H)2] on [SiOo] gives a
"best fit" at x=1.9 and K=iA with correlation

coefficient r= — 0.95. It is particularly interesting

to find that lime- silica concentrations measured
after 15 min fit the above curve as well as measure-
ments on the equilibrium system. We have found
no suggestion of an inflection of the curve at low
lime concentrations, indicative of a reduced silica

concentration below a peak occurring at about
0.075 g CaO/liter as reported by Flint and Wells [2].

The similarity of this result to a solubility

product suggests that in solution something re-

sembling a salt such as C2SH may exist, i.e.,

Ca2Si04-aq. This accords with the suggestion of

Flint and Wells [2] that in the system CaO-
Si02-H20 at 30 °C, the calcium silicates present
are salts of orthosilicic acid H4Si04 which would
by progressive replacement of hydrogen by calcium
ions form hypothetical calcium silicates hydrates
of C:S ratio of 1:2, 1:1, 3:2, and 2:1.

The significance of the "solubility product" in

cement hydration seems to be that in a cement
and water paste any increase in Ca(0H)2 concen-
tration must force elimination of silica from solu-

tion in the liquid phase.
Thus whilst there exists a discrete liquid phase

the formation of hydrated calcium silicates can

reasonably be explained by a through-solution

mechanism.
At Ca(0H)2 concentrations above about 2 mM/

liter the equilibrium concentration of silica in

solution is exceedingly small and the CaO:Si02
ratio in solution at a Ca(0H)2 concentration of 20

mM/liter must be about 90:1. It is possible that

the peculiarities of crystal growth of calium sili-

cate hydrates may be a consequence of the great

difference in CaO:Si02 ratio in the solids and in the

"mother liquor" from which they separate.

References

[1] A. B. Cummins and L. B. Miller. Ind. Eng. Chem.
26. 688(1934).

[2] E. P. Flint and L. S. Wells. J. Research NBS, 12,
751(1934) RP 687

[3] H. F. W. Taylor, J. Chem. Soc. 1950, 3682.

[4] S. Glasstone. Textbook of Physical Chemistry, 2nd
Ed., 895. (Macmillan, London).

[5] F. T. Snell and C. T. Snell. Colorimetric Methods
of Analysis, 3rd Ed. Vol. II, 697 (Van Nostrand
Co., N.Y. 1948).

324



Discussion

Sidney A. Greenberg

The work reported in the paper is very inter-

esting. It is clear to all that the kinetics and
mechanisms of solution of colloidal silicas in basic

solutions are important to an understanding of

the processes proceeding in concrete mixtures.

However, the authors do not refer to some recent

work which has been published on this subject.

The conclusions of the authors, nevertheless, are

in complete agreement with the previously pub-
lished work.

In a paper by O'Connor and Greenberg [1] it

was shown that silica dissolves in sodium hydroxide
solutions according to the equation

C^"=C],i'-ht (1)

where Cp and Cpo are the amounts of silica at

time t and at zero time, respectively, and ^3 is a

constant. This equation was derived on the as-

sumptions that the rate of solution is proportional

to the surface area and that the particles are

spheres. It was later reported [2] that silica reacts

with calcium hydroxide solutions with concentra-
tions greater than 0.0036 molar according to eq

(1). The mechanism proposed for the reaction

is the same as that given by Halstead and
Lawrence.
A detailed study of the initial chemisorption

reaction of calcium hydroxide by silica has been
discussed in detail [3]. It was shown that the

surface of silica is covered by acidic silanol groups,

SiOH, which react immediately with calcium hy-
droxide in an acid-base reaction.

The nature and amount of silicic acid dissolved

in sodium hydroxide and calcium hydroxide
solutions have been discussed [4-6] and the sub-
ject is reviewed by Brimauer and Greenberg [7].

It was shown that several equations explain the

composition of the silicate solutions. One is for

electroneutrality.

2[Ca++] or [Na+]= [OH-]+ [H,SiOl]

+ 2[H2SiOj-] (2)

and another is for material balance

[SiOs],= [H^SiOJ+ [RSiO I ]+ [H^SiO T
-

] (3)

where the quantities in brackets are concentra-
tions in moles/1. The relative quantities of the
three species of silicic acid are controlled by the
dissociation constants of the acid [4, 5]. The re-

lationship between tlie calcium and silicic acid
concentrations for solutions in contact with hy-
drates of C/S mole ratio 1/1 and above is controlled
by the activity product,

K=acA++0'H2Sio^~ (4)

which is equal to 10"^ at 25 °C [6, 7].
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Paper III-S12. The Influence of High-Pressure Steam on the Process

of Hardening of Calcium and Magnesium SiUcates and Cements
of Different Compositions*

p. I. Bozhenov, V. I. Kavalerova, V. S. Salnikova, and G. F. Suvorova

Synopsis

Autoclave curing of building units made of cellular concrete, dense concrete, and
silicate concrete is one of the progressive technologic methods which makes possible the
production of precast building elements in a comparatively short time (12 to 14 hours).
In the practical production of building units, autoclaving is widely used at a pressure of
8 to 12 atm, and corresponding temperature of 174 to 191 °C.

The authors give details of investigations carried out in the USSR, which show the
influence of high pressure steam (up to 200 atm) on the processes of hydration and hardening
of cementing materials containing calcium and magnesium silicates.

The investigations show that under the conditions of increasing steam pressure and
temperature, the hydration of the cementing material, the processes of concrete hardening,
and the interaction of cementing material with aggregates occur more intensively. There
is an optimum limit of pressure and an optimum regime of autoclave curing for each kind
of cementing material, depending on its mineralogical composition. For example, cement-
ing materials of the type of belite cements (with high C2S contents), which includes some
industrial wastes, such as nepheline slurry, blast furnace slags and Martin slags, and slate

ashes, require intensive curing within the range of 16 to 25 atm and reduced regimes of
autoclaving.

Autoclaving the materials with high contents of MgO or magnesium silicates at steam
pressure of 25 to 50 atm gives new high-quality materials.

The use of high pressure steam (16 to 25 atm) in autoclave technology permits a reduc-
tion of the general technological cycle of autoclave treatment by as much as 5 to 7 hours.

The examples given show that autoclaving with high pressure steam provides solutions
of such important problems in the building industry as reducing the time required for
hardening precast concrete products and widening the raw material base by use of industrial
wastes and natural rock minerals containing magnesium.

Resume
L'autoclavisation des 616ments constructifs en b6ton cellulaire, b^ton plein et beton de

silicates se presente comme un des proc^des les plus avanc^s qui permet d'obtenir les 616ments
prefabriques en un laps de temps relativement court.

La production des Elements constructifs comprend une large utilisation de I'autoclave
(vapeur a haute pression et temperature 8-12 atm et 174-191 °C).

Le rapport fait part des recherches effectu^es en URSS qui montrent I'influence de la

vapeur a haute pression sur les procedes d'hydratation et de durcissement des Hants conten-
ant les silicates calciques et magn^siques.

Les recherches affirment que, lorsque la pression et la temperature de la vapeur s'aug-
mentent, on arrive a une intensification de 1'hydratation des Hants, des proc^d^s de durcis-
sement des betons, et des reactions entre les Hants et les agregats.

Chaque sorte de liant, selon sa propre composition mineralogique, presente une limite
optimum de pression et son propre regime d'autoclavisation.

Ainsi, les Hants du type des ciments belites (avec une forte teneur en C2S), y compris
certains d^chets industriels—par exemple, le laitier de haut fourneau et la scorie Martin, le

schlamm de nepheline, les cendres volantes des schistes, exigent un traitement intensif, com-
pris entre les limites de 16-25 atm et des regimes reduits d'autoclavisation.

On obtient des nouveaux materiaux de construction de haute quality a I'aide de l'auto-

clavisation a vapeur sous pression de 25 a 50 atm des matieres contenant une forte teneur
en MgO ou en silicates magn&iques.

L'utilisation de la vapeur a haute pression (16-25 atm) durant l'autoclavisation permet
de r^duire le cycle technologique general jusqu'a 5-7 h.

L'expose du rapport d^montre que l'autoclavisation a vapeur de haute pression donne
la possibilite de r&oudre des problemes d'importance magistrate pour I'industrie du batiment,
tels que la reduction du delai de durcissement des elements prefabriques et 1 'extension de la

base des matieres premieres, grace a l'utilisation des dechets industriels et des min^raux de
roches naturels contenant le magnesium.

Zusammenfassung
Die Dampfhartung von Bauteilen aus Leichtbeton, Schwerbeton und Silikatbeton ist

ein sehr modernes Verfahren, welches die Moglichkeit gibt in relativ kurzer Zeit fertige

Bauteile zu erhalten.
Die Herstellung von vorgeformten Bauteilen mit Dampferhartung unter Druck von 8-12

Atm (bei 174-191°) ist weit verbreitet.

Der Vortrag gibt eine Ubersicht von den Untersuchungen in USSR, die den Einfluss von
Dampfdriicken bis zu 200 Atm auf die Vorgange der Hydratation und Hartung von solchen
Bindemitteln zeigen, die Silikate von Calcium und Magnesium enthalten.

•Fourth Internationa! Symposium on the Chemistry of Cement, Washington, 1960. Contribution from the Academy of Construction and .\rchitec-
ture, Leningrad, U.S.S.R.
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Die Untersuchungen zeigen, dass mit steigendem Dampfdruck und Temperatur die
Hydratation von Bindemittel, der Verlauf der Hartung des Betones, und das Aufeinander-
wirken der Zuschlagstoffen mehr intensiv stattfindet.

Jedes Bindemittel zeigt abhangig von seiner mineralogischer Zusammensetzung ein
optimales Dampfhartungsverfahren.

Zum Beispiel, Bindemittel wie Belitzemente (mit hohem C2S Gehalt) sowie eine Reihe
von industriellen Abfallen, Hochofen und Martin-Schlacke, Nephelin-Schlamme, Schiefer,

Flugasche, erfordern eine intensive Dampferhartung innerhalb der Grenze von 16-25 Atm.
Bindemittel mit einem hohen Gehalt von MgO oder Magnesiumsilikaten bei einer

Dampferhartung von 25-50 Atm, liefern neue hochwertige Baustoffe.

Die Hochdruck Hartetechnik, 16 bis 25 Atm, m.acht es moglich die Zeitdauer des
Dampfharte-Verfahrens um 5 bis 7 Stunden zu verkijrzen.

Die vorgeftihrten Beispiele zeigen, dass das Dampfharte-Verfahren mit hohen Dampf-
driicken die Losung von solchen Aufgaben, die in der Bauindustrie auftreten, wie die Ver-
kiirzung der Hartezeit von vorgeformten Betonteilen und die Erhohung der Auswahl von
Rohmaterialien, ermoglichen, sodass industrielle Abfalle und unverarbeitetes Gestein, das
Magnesium enthalt, verwendet werden konnen.

The production of precast building units, based
on the technical properties of calcium silicate hy-
drate, is a rather young but rapidly developing
building-materials industry.

There are certain scientific and practical

achievements in the production of concrete and
reinforced-concrete products, but a number of

important problems of technology must be in-

vestigated, that is, the choice of cementing
material, which takes an active part in the devel-

opment of the structural properties of hardened
concrete.

The quality of concrete, hardened at normal
temperature, from 1 to 45 °C, greatly depends on
cement "activity."

The development of technical properties of con-
crete by hydrothermal curing depends upon some
other conditions and is defined by the physico-
chemical properties of cementing material and
aggregates, and particularly the autoclave regime
(duration of curing, temperature, and steam or

water pressure, in which milieu hardening takes
place)

.

The investigations, carried out by the Leningrad
Building Institute and the Academy of Architec-
ture and Building (Leningrad filial), showed that
under certain circumstances of hydrothermal curing
it is possible to produce high-quality precast mem-
bers from various cementing materials, that is,

from sand and lime, from a number of industrial

waste products which contain calcium and mag-
nesium silicates, and lastly by suitable technologi-
cal curing of some rocks.

In the concise reports of Bernal, "The Struc-
tures of Cement Hydration Compounds," of

Steinour, "The Keactions and Thermochemistry
of Cement Hydration at Ordinary Temperature,"
and of Kalousek, "The Reactions of Cement Hy-
dration at Elevated Temperatures," delivered at

the Third International Symposium on the Chem-
istry of Cement, there are data that furnish a basis

for judgment on the conditions of formation of

hydrosilicates. In the period since the third

Symposium took place, the formation of hydrosili-

cates has become of great interest and there are

many new facts characterizing the dynamics of

calcium silicate hydrate formation.

N. A. Toropov considers that as of 1959 the
conditions of formation of the following calcium
silicate hydrates have already been studied to

some degree.

1. low-temperature:
CSH(I) O.SCaO-SiOa-aq
C2SH(II) 1.5-2.0CaO-SiO2-aq

2. tobermorite group of minerals:^

5CaO-6SiOonH,0
3. gyroKte—2CaO-3Si02-2H20
4. afwiUite—3CaO-2Si02-2H20
5. foshagite—4CaO-3Si02-H20
6. xonothte—eCaO-eSiOs HjO
7. hillebrandite (/3-hydrated dicalcium silicate)

8. a-hydrated dicalcium silicate—2CaO-Si02-
H2O

9. c-hydrated dicalcium silicate—2CaO Si02-

d.3-L0H2O
10. tricalcium hydrosilicate—3CaO-Si02-2H20
Besides these, the following calcium silicate

hydrates are also known:
11. okenite—CaO-2Si02-2H20
12. truscottite—CaO-2SiO2-0.5H2O
13. nekoite—CaO-2Si02-2H20
Furthermore, calcium chondrodite was recently

found having a structure like that of magnesium
chondrodite. And, moreover, there are some ref-

erences in the literatiu-e to hydrated tricalcium
silicate, foshalassite—5CaO-3Si02-3H20, di- or tet-

rahydrated dicalcium silicate—2CaO-Si02-2-4H20,
and the hydrosilicate 6CaO-3Si02 H20.
At present, 17 hydrated calcium silicates are

known and somewhat studied, and it is obvious
that their number will increase.

From numerous publications it is clear that the

chemical composition and structure of hydrated
calcium silicates can vary within broad limits. It

is necessary to pay attention to the capacity of

hydrated calcium silicates for change of bound
water and, what is particularly important, for

change in the ratio CaO:Si02 depending on the
initial material and the conditions of hydrothermal
curing.

1 Among the tobermorite group of minerals there are some hydrates differ-

ing from one another by the number of H2O molecules in the elementary cell.

These hydrates are the following:
a. 14A-hydrate, plombierite
b. UA-hydrate, tobermorite proper
c. lOA-hydrate
d. 9A-hydrate, riversideite

(The number of angstroms standing before the word "hydrate" gives the

characteristic doo2 which distinguishes the tobermorites.)
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Scientists dealing with the problems of experi-

mental mineralogy and petrography have carried

out numerous investigations, discovering the role

of water during mineralogical processes, which
made it possible for W. I. Vernadsky to write in

1923: "In the chemistry of the earth's crust water
plays a unique role which cannot be compared with
that of any other substance, and by different means
it penetrates into nearly all mineral solids of the
upper and partly deeper thermodynamic shells of

the earth's crust, and gives with them varied types
of chemical compositions of different strengths."

In fact, nature gives us numerous examples of

different hydrated compositions, including hy-
drated silicates, having sometimes important
technical properties (asbestos, hydromicas) owing
to which they are assigned to the category of

mineral resources.

It is necessary to mention a certain gap between
theoretical investigations in which experiments
are often carried out at high pressure, 100 to 3,000
atm, at temperatures from 300 to 1,000 °C, on the
one hand, and the practice of hydrothermal steam
curing limited to 70 to 90 °C or autoclaving at

175 to 200 °C, on the other hand.

Such a situation was created as the result of

the underestimating, by practicing engineers, of

the value of theoretical investigations of the
physical chemistry of silicates and the thermo-
dynamic properties of water and steam at high
pressures and temperatures.

Concrete strength depends not only on cement
"activity," but also on the methods of mixing and
molding, and particularly on the hardening
conditions.

Modern science and technology allow us to state

that it is possible to develop a technology by which
cement of low activity provides in a short time
products with the necessary structural properties.

The results of the investigations carried out in

the USSR on the problem of the influence of high-
pressure-steam treatment on developing technical
qualities of cement paste, depending on raw ma-
terials and regime of curing, are given in our
report.

As already mentioned, there is in the technical
literatiu-e enough information about hydrosilicate
synthesis.

Calcium

Calcium-silicate-hydrate synthesis is rather dif-

ficult under normal temperature conditions.
Therefore, the results of investigations are often
contradictory. The majority of researchers con-
sider that under normal conditions only two hydro-
silicates, CSH(I) and C2SH(II), are formed.

'

At higher temperatures, calcium silicate forma-
tion occurs more rapidly and in a more complicated
way than under normal conditions of temperature
and humidity. Consequently, we know of many
more hydrosilicates obtained by means of hydro-
thermal curing.

In this connection, the following names are

known: Le Chatelier—1904 ; Michaelis— 1909

;

Sclilapfer and Niggli—1914; Thorvaldson and
Shelton—1923; Lerch and Bogne— 1927; P'lint

and Wells—1934; Keevil and Thorvaldson— 1936;
Lapin—1938; Michalchenko~]947 ; Butt— 1949;
Bozhenov—1952 ; Wolfson—1949

;
Toropov— 1952

;

Taylor—1950; Bessey—1951 ; Kalousek—1951
;

Bernal— 1952; Hansen— 1953; Sanders and
Smothers—1957; Berkovich—1958, and many
others.

In these investigations, with the exception of

Butt, Wolfson, Bozhenov, Sanders and Smothers
and some others, the technical characteristics of

the products obtained have not been studied, and
there are still few data characterizing the tech-
nological conditions necessary for obtaining prod-
ucts with specified properties.

In many cases, industrial waste products con-
tain large quantities of low-basic calcium and
magnesium silicates. Such materials are often
slow hardening under normal conditions but
acquire enough strength after autoclave treat-

ment. It is known that mixtures containing free

lime and silica, after treatment with high-pressure
steam, give high-strength building stone, owing
to the hydrosilicates formed.
The method of hydrothermal curing in steam-

curing chambers at temperatures lower than 100

°C, widespread at the present time, requires a

long-run steam-curing cycle and cement of high
activity.

Lately, technologists often speak of increasing

the temperature and steam pressure during hydro-
thermal curing. The USSR, the USA, Sweden,
and some other countries are moving in this direc-

tion now.
Pressure increase, and consequently temperature

increase, contribute to more rapid progress of

hydration and greater use of cementing-material
energy, leading to reduction of the time of tech-

nological curing, and allowing one to turn out
products of higher quality using less time, energy,

and labor.

The results of our investigations, given below,

show that autoclave curing is a powerful means of

obtaining hydrosilicates from various materials

that are chemically passive xmder normal condi-

tions.

Silicates

Some researchers have obtained hydrosilicates

by hydrothermal S3rnthesis, bringing together

limewater or lime with silica gel or crystalline

highly dispersed silica; others have studied the

structure and composition of compounds appearing

under various conditions as the result of calcium-

silicate or portland-cement hydration.

In our laboratory, the behavior of sjmtheticaU}-

obtained j8-2CaO-Si02, with addition to it of

CaO and Si02, was studied during In'drothermal

curing. (Bozhenov, Kavalerova, 1958.)
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Mixtures in the proportions CaO:Si02=l :1,

3:2, 3:1, and 7:2 were prepared.

The specimens were exposed to autoclave treat-

ment at pressures of 8, 25, and 100 atm, with
curing at maximum pressure for 8 hr. Steam in-

crease and decrease, depending on the pressm-e

value, took about 1.5 to 2.5 hr. For autoclaved
and dried specimens the compressive strength was
determined; then their free lime and silica con-
tents also were determined. The amounts of lime

and silica reacting with i3-2CaO-Si02 were deter-
mined from the difference between the amounts of
added CaO or Si02 and the amounts found free

after autoclave treatment.
It was found that during hydrothermal curing

of synthetically obtained i3-2CaO-Si02 free cal-

cium hydroxide was liberated in the following
quantities: at 8 atm—0.12 percent, 25 atm—5.64
percent, 100 atm—2.49 percent.

0 lOD 200 300 m 50C 600 ?00 SOP 900

8amu
0 lOO 200 300 400 UO EOO n» 800 Mr

25 arm

0 mmioiialiinmMltauo

iOOamu

Figure 1. Thermograms of 2CaO-Si02 and mixtures with lime or silica {auto-
claved at 8, 25, or 100 atm).

No. 1—C2S+34.94 Si02= CS
No. 2—C2S+17.44 Si02=C3S2
No. 3—C2S+32.56 Ca0 = C3S
No. 4—C2S+48.82 CaO= 0782
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Table 1. Autoclave reaction of dicalcium silicate with
lime "

Table 2. Autoclave reaction of dicalcium silicate with
silica "

CaO
added,
relative

Lime bound in autoclave,
relative to C2S

Autoclave pressure

8 atm 25 atm 100 atm

Percent Percent Percent Percent
32. 56 19. 17 17. 99 17. 06
48. 82 32. 42 30. 02 30. 45

» Maximum pressure maintained for 8
hr; pressure increase and decrease times,
1.5 to 2.5 hr.

As seen from tables 1 and 2, in the process of

autoclave treatment /3-2CaO-Si02 interacts both
with CaO and Si02.

From the data of table 1 it is seen that

:

a. For the same composition the quantity of

bound CaO decreases somewhat with in-

crease in pressure.

b. The quantity of CaO bound during auto
clave treatment of C2S-CaO mixtures
depends on the mixture composition. Con-
sequently, during autoclaving, chemical
equilibrium is established between the

hydrosilicate that is formed, and the free

calcium oxide content.

Table 2 data show that /3-2CaO-Si02 is able to

interact with silica, forming less basic calcium
hydrosilicates

:

a. The higher the steam pressure in the auto-
clave, the more the Si02 interacts with
i8-2CaO-Si02;

b. At the same steam pressure the amount of

bound silica is practically stable, not de-

pending on the initial mixture composition.

Si02
added,
relative
to C2S

Silica bound in autoclave,
relative to C2S

Autoclave pressure

8 atm 25 atm 100 atm

Percent Percent Percent Percent
34. 94 11.40 11.24 15. 07
17.44 9.50 11.00 16. 34

o Maximum pressure maintained for 8
hr; pressure increase and decrease times,
1.5 to 2.5 hr.

The differential-thermal-analysis (DTA) cm-ves
of the products obtained show a more complicated
pictiu-e than Kalousek and other investigators

have observed. From figure 1, considerable

change of the hydration products obtained can be
noticed depending on mixture composition and
autoclaving conditions. Consequently, during
hydrothermal curing, activity of the C2S increases,

and as a result it energetically interacts intensively

both with lime and with silica, forming calcium
hydrosilicates of different compositions depending
on the autoclaving conditions and the initial

mixture composition.
It can be assumed that dm'ing autoclaving

/3-2Ca0-Si02 undergoes considerable structural

change, and that this change is reflected in the
compositions and qualities of the products ob-
tained.

The strength characteristics of the specimens
tested, given in figure 2, show that the strength of

neat |3-2CaO-Si02 continuously increases as the

pressure is increased. Less basic calcium hydro-
silicates formed (with the addition of Si02) have

I
*

S £S iOOoittM.

Figure 2. Strength of 0-2CsLO-SiO2, alone and with additions of Ca.0 or Si02.

No. 1—C2S+17.44 Si02= C3S2
No. 2—C2S+34.94 Si02= CS
No. 3—C2S+48.82 CaO = 0782
No. 4—C2S+32.56 Ca0 = C3S

(Ordinate: compressive strength, kg/cm^. Abscissa: steam pressure, atm.)
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Table 3. Compressive strength of nepheline slurry with

added lime or ground silica sand, after autoclaving "

Composition of the cementing material Compressive
strength of

paste speci-
mens, tested

Slurry Lime Sand at once after

autoclaving

Percent Percent Percent ligjcTfl'^

100 0 0 217
87 13 0 277

85 15 0 255

83 17 0 197

80 20 0 191

100 0 0 262
95 - 0 5 272
90 0 10 331
85-. 0 15 315

80 0 20 220
65 0 35 250
25 0 75 148

« Maximum pressure 8 atm, maintained for 8 hr; pres-

sure increase and decrease times, 2 hr.

Table 4. Compressive strength of plant-autoclaved units
made with nepheline cement and cured for various times

Period of curing
before steam treat-

ment

Compressive strength

1:6 plastic
mortar
units,

40 X 40 X 50

cm

Concrete
cubes,"

20 X 20 X 20
cm

Hours
3 _.

kglcm^
65
94
140
56

kglcrrfi

9 184
204
166

12
24

» Slurry, 80 percent; lime, 15 percent, gyp-
sum, 5 percent.

—

1

i s
6 H 19 t 6

Figure 3. Dependence of the compressive strength on the

autoclaving regime.

(Ordinate: compressive strength, kg/cm^. Abscissa: left, period of pressure
increase; right, period of pressure decrease, in hours.)

greater strength than neat beUte (C2S). This
difference increases with pressure increase in the
autoclave. Pressure increase from 8 to 100 atm
caused a gain in strength of 4 to 5 times.

The strength of the highly-basic hydrosilicates

(mixtures prepared with the addition of CaO)
practically does not change as the pressure
increases.

Consequently, by regulating the gross composi-
tions of the initial mixtures and the conditions of

hydrothermal curing, the structural qualities of

autoclaved materials can be varied over rather a
broad range.

For increasing the strength, it is expedient to

prepare the mixtures that give the less basic

hydrosilicates, and to increase the temperature of

autoclave treatment.
In some publications there are references to the

transition of j8-2CaO-Si02 to 7-2CaO-Si02 during
autoclave treatment. We have, therefore, in-

vestigated the behavior of 7-2CaO-8102 during
hydrothermal curing. These investigations have
shown that during autoclave curing 7-2CaO-Si02
is able to react with both lime and silica, forming
calcium hydrosilicates.

The results obtained were proved with precast
nepheline slurry containing about 80 percent of

dicalcium silicate (Bozhenov, Kavalerova—1956-
1958). Nepheline slurry is a waste material from
production of aluminum oxide and is a cementing
material of low activity at normal hardening.
The chemical analysis of the slurry showed that it

contained in percent: SiOz, 28.63; AI2O3, 3.13;

FesOs, 4.80; Ti02, 0.30; P2O5, 0.48; CaO, 52.97;

RoO, 2.18; MgO, 2.12; and ignition loss, 3.89.

The existence of great amounts of /3-2CaO • Si02
in the nepheline slurry was confirmed by means of

X-ray analysis.

In table 3 are shown the strength characteristics

of nepheline slurry with addition of 13 to 20
percent of lime or dispersed ground silica sand in

the amount of 5 to 75 percent, after autoclaving
at 8 atm in accordance with the regime 2-8-2
(hours during which steam pressure was increased,

maintained constant, and then decreased).

From the table it is clear that during auto-
claving some quantities of lime and particularly

dispersed ground silica sand increase nepheline
slurry activity.

In table 4 are shown the results of plant testing

of 40- X 40- X 50-cm units made with 1 : 6 mortar,
and 20-cm cubes of nepheline-cement concrete
(slurry 80%, lime 15%, and gypsum 5%).
From the table it is clear that increase of the

time of curing of specimens before steam treat-

ment to 12 hr leads to strength increase up to

20 to 25 percent.

The influence of the rate of increase and decrease
of steam pressure on the compressive strength
developed in the autoclave is shown in figure 3.

It is seen that for the same duration of autoclave
curing, rapid increase and slow decrease of pressure
insure the greatest strength of the specimens.
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Units of the size 40 x 40 x 50 cm prepared of

1:4 neplieline-cement mortar were cured in the

autoclave with different rates of pressure increase

and decrease but with equal total durations of

autoclaving of 9 hr.

The data of table 5 show that the greatest

strength is obtained under the conditions of rapid

pressure increase and the slowest steam decrease in

accordance with the regime 1-3-5.

The data obtained are in contradiction with the

established views on the influence of different

stages of autoclave curing. Usually operators

avoid speeding up the pressure increase, appre-

hending the appearance of temperature stress in

the products.
The influence of temperature stresses during

pressure increase is overestimated, and the factors

decreasing this stress are not taken into considera-

tion. These factors are steam condensation which
takes place as the result of the fact that during
pressure increase the temperature of specimens
is lower than the steam temperature in the auto-

clave, and the exothermal reaction of hydration
which leads to more rapid heating of the inner

layers of the specimens than would occur if only
heat conduction were operative. In the stage of

steam-pressure decrease, temperature stresses oc-

cur, mainly owing to the fact that during decom-
pression a temperature difference is created
between the autoclave and specimens. As the
result of heat inertia the specimens appear to be
overheated, leading to intensive steam generation
which creates additional stresses, particularly on
the specimen surface.

It appears from the above that rate of pressure

increase does not play a great role in the develop-
ment of strength in products during autoclave
curing, but instead, the duration of decrease of

steam pressure does play an important part.

The influence of the intensity of steam pa"essure

on concrete strength of nepheline cement was
studied by Stakheyev in 1955-1957. The test

results given in figure 4 show that during auto-
clave treatment of nepheline-cement concrete, the
optimum pressure is 24 atm.

Variation of the time of curing at maximum
pressure from 8 to 0 hr and increase of the steam
pressure from 8 to 100 atm influenced the strength
of specimens in different ways. On autoclaving
at 8 to 15 atm and curing for 0 hr at maximum

Magnesiv

Magnesium hydrosilicate synthesis is described

in the literature to a considerable degree. A num-
ber of Soviet and foreign scientists have synthe-

sized talc, antigorite, chrysotile, and some other

magnesium hj^drosilicates at high temperature and
pressure. Magnesium hydrosilicate synthesis was
accomplished by use of the individual oxides.

But in all these large and generally interesting

publications, attention was not given to the study
of the technical characteristics of the products ob-

Tablb 5. Compressive strength of 1:4 nepheline-cement
mortar Jfi x /fi x 50 cm specimens autoclaved under dif-

ferent regimes. Maximum pressure 8 atm, mixing vjater

IS percent

Autoclave regime
Compressive
strength at
28 Days

Hours «

3-5-1
k'jicm 2

67
83
112

1-5-3
1-3-5

" These numbers represent the time in hours
during which the steam pressure was respec-
tively increased, maintained at the maximum,
and decreased.

pressure, the minimum strength of the specimens
was obtained. Increase of tlie curing time to 8 hr
at these pressures increased the strength of the
specimens.

Quite different results were obtained with spec-

imens autoclaved at 50 and 100 atm. In this

case, the specimens exposed to autoclaving for 0

hr at maximum pressure (peak autoclaving) had
the highest strength.

These experiments have shown once more that

the higher the pressure the shorter the process of

autoclaving must be. The reason for the strength

gain and its decrease with pressure increase from
8 to 100 atm ought to be found in change of

composition and structure of the hydrated
products.

Rc ^c'*'/cm2

0
4 8 12 16 20 2 4 2 8 32 36 4 0

Figure 4. Influence of steam pressure on the strength of
nepheline-cement concrete.

(Ordinate: compressive strength, kg/cm^. Abscissa: steam pressure, atm.)

Silicates

tained. The majority of these works were carried

out from the point of view of experimental mineral-

ogy and petrography.
Our investigations on the preparation of artificial

hydrosilicates are of applied character, and mag-
nesium hydrosilicates capable of reacting with
water under certain conditions have been used as

initial raw material, instead of the individual

oxides. This procedure has practical significance,

since magnesium silicates are rather widely spread
in nature (serpentine, olivine).
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Magnesite, MgCOa, is a valuable raw material

for obtaining technical products of high quality

(metallic Mg, fire-proof materials and others).

In nature it is found more rarely than magnesium
silicates.

The main task of our work is investigation of

the conditions for obtaining magnesium hydro-
silicates from natural minerals and study of the

technical characteristics of the products obtained.

With this aim, at the cliair of building materials

of the Leningrad Building Institute, systematic
work has been carried out since 1954 dealing with
the study of binding and some other properties of

different natural magnesium silicates (Bozhenov,
Salnikova—1956)

.

Cementing properties of magnesium silicates have
been studied in the USSR by: Medvedev—1933,

Syromyatnikov—1934, Jung—1946, Budnikov
and Berezhnoi—1949, Budnikov and Mchedlov-
Petrosyan, Mchedlov-Petrosyan—1951, 1953.

Our work showed the possibility of widening the

number of usable natural silicates containing

magnesium. Minerals of different chemical com-
position and varied crystalline structure were in-

vestigated. Taking into consideration the fact

that the genesis of magnesium-containing hydro-
sUicates is connected in the majority of cases with
the action of water vapor and high temperatures,

the method of autoclaving has been used.

Minerals were investigated at different degrees

of water removal because of the fact that the loss

of water at the time of heating sometimes caused
alteration of the crystal lattice and the appearance
of active phases.

The experiments showed that the majority of

minerals set in rather a short time. (See table 6.)

It should be noted that the setting time varied
depending on the temperature of dehydration.

Serpentine olivine, chrysotile asbestos, clino-

chlore, garnierite, and hydroboracite were studied
thoroughly. For determination of the tempera-
tures of dehydration in minerals, the curves of

loss in weight on heating up to 1,000 °C were ob-

tained, based on the method of dynamic weighing
using a torsion balance.

Instead of the widely used method of reading

the heating curves, the method of stepped increase

of temperature was worked out, namely: tempera-
ture increase (5 °C per minute) was stopped as

soon as a decrease in weight was noted, and the

11 to 300 i00 AX> 6X 7<W SIO Si no c
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Figure 5. Curve of dynamic weighing of serpentine olivine.

(Ordinate: weight loss, percent. Abscissa: temperature.)
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Figure 6. Curves of dynamic weighing of chrysotile asbestos.

(Ordinate: weight loss, percent. Abscissa: temperature. Dotted curve,
data of Strelov.)

Table 6. Effect of temperature of dehydration on the subsequent setting times of water-mineral pastes

Mineral Chemical formula
Temp, of

dehydra-
tion

Setting time

Initial

Vesuvianite
Vesuvianite _.

Tremolite
Tremolite
Actinolite
Actinolite
Chrysotile asbestos.,
Chrysotile asbestos..
Serpentine olivine...

Serpentine olivine...

Talc
Talc
Clinochlore No. 1...
Clinochlore No. 1...
Clinochlore No. 2...
Clinochlore No. 2...
Garnierite '

Garnierite ^

Phlogopite
Muscovite

3CaO-Al203-2Si02-2H20
3CaO-Al203-2Si02-2H20
2CaO-5MgO-8Si02-H20
2CaO-5MgO-8Si02-H20
2CaO-5(Mg,Fe)0-8Si02-H20.
2CaO-5(Mg,Fe)0-8Si02-H20.
3MgO-2Si02-2H20
3MgO-2Si02-2H20

3Mg0-4Si02-H20.
3Mg0.4Si02-H20
12MgO-2Al2O3-7SiO2-10H2O.
12MgO-2Al2O3-7SiO2l0H2O.
12MgO-2Al2O3-7SiO2-10H2O

-

12MgO-2Al2O3'7SiO2-10H2O.

K20-6MgO-Al203-6Si02-2H20.
K20-3Al203-6Si02-2H20

110
800
110
800
110
800
800
960
110
800
110
800
110
800
110
800
110
180
800
800

hr:min
4:00
5:13
6:10

9:40

4:53

4:50
8:10

6:00

7:50

2:04

(>)

48:00

(3)

0:55

27:00
6:48

m
48:00

(')

10:00

' No setting during 72 hours. 2 "Garnierite" is not a pure mineral.
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Table 7. Strengths of pressed specimens of water-mineral pastes after normal hardening

Mineral Temp, of
Compressive strength Bending strength

Mixing
dehydration water

9 days 1 month 3 months 1 year 1 month 3 months 1 year

C Percent k(ilcm- kg/cm^ kglcm'' kglcm^ kglcrrfi

800 9 6 14 17 3 3 3 7 4 6
950 9 23 7 6.7 0 2^7 2^3 l!2
800 7 g 18 18 20 4.8 5. 1 6
800 7 0 1.7 2.5 0 1.2 2. 1 2.3
180 U 10.9 48 34 26 11.4 5.5 4.3
670 11 10 19 60 89 6.7 16.8 23.3
700 11 2 6.2 12 2.3 3.7

Chrysotile asbestos.

Chrysotile asbestos.

Serpentine olivine..

Clinochlore. _

Garnicrite
Hydroboracite
Hydroboracite

Table 8. Strengths of pressed specimens of water-mineral pastes after autoclaving at 8 atm

No. Mineral
Temp,
of dehy-
dration

Compressive strength Bending strength

Age of the specimens before autoclaving

7 days 28 days 3 months 1 year 28 days 3 months 1 year

1

2
3
4
5

6
7

Chrysotile asbestos
Chrysotile asbestos
Serpentine olivine
Clinochlore
Garnierite .

Hydroboracite ._ _._

Hydroboracite

°C
800
950
800
800
180

670
700

kglcm^
108
90
154
29
48.2

296

kqlcm^
126
90
138

53
42

350
192

kg/cm''

102
96
132
49
39

200
87

kglcm''

90
90
126
36
0

211

kglcvfi

55
22
49
15.6
5.7

54

38

kglcm'^

38
41

45
15.2
9.6
41

38

kgjcm''

38
12

42
18.1
0

25

specimen was cured under thermostatic condi-
tioning until the weight was constant for 3 to 4

min. The temperature of the specimen was then
again increased at the rate of 5 °C per minute
until decrease of the weight of the specimen was
again noted, and so on.

In figures 5 and 6 the curves obtained by this

method of dynamic weighing are given. These
curves have been used for establishing the tem-
peratures for firing the specimens (in the figures

they are marked with arrows).
It is clear from tables 7 and 8 that the strengths

of the specimens cured in high-pressure steam
exceed by many times the strengths of the speci-

mens that were conventionally cured.

The investigations showed that the process of

hardening of chrysotile asbestos and serpentine
olivine occurred more intensely at highei" tempera-
tures.

These data show the possibility of the wider use
of autoclaving for experimental mineralogy too,

because by changing the steam-curing conditions

one can judge the stability of investigated material.

The data obtained by thermal analysis (figs.

7, 8, 9, 10, 11) make it possible to form judgments
about new formations. The higher the pressure
of the steam in hydrothermal treatment the
greater is the similarity between the hardened
chrysotile-asbestos and serpentine-olivine pastes
and the natural minerals. The data of petro-
graphic analysis of hydrated samples of chrysotile

asbestos and serpentine olivine provide evidence
relative to the hydrated compounds formed in the
process of hydrothermal curing.

Tests showed that the effectiveness of auto-
claving of magnesium silicates increased with
pressure increase.

let too Joe *oe soo 4to Ma Bto m 40oo°<f
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Figure 7. Curves of dynamic weighing of serpentine olivine

{temperature of dehydration, 950 °C).

(Ordinate: weight loss, percent. Abscissa: temperature.)
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Figure 8. Curves of dynamic weighing of chrysotile asbestos

(temperature of dehydration, 950 °C).

(Ordinate: weight loss, percent. Abscissa: temperature.)
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Figure 9. Curves of dynamic weighing of chrysotile asbestos

{temperature of dehydration, 800 °C).

(Ordinate: weight loss, percent. Abscissa: temperatiire.)

The high mechanical strengths of dehydrated
magnesium siHcates, obtained on autoclaving,

table 9, made it feasible to investigate their

applicability as building materials.

Under laboratory conditions a new autoclaved
material somewhat like asbestos cement was
obtained wherein portland cement was entirely

replaced by thermally cured (at 700 to 900 °C)

nonclassified wastes of asbestos factories (Bozhenov
and Salnikova—^1958). Technical properties of

the slabs obtained are given in table 10. A
valuable property of the new material is its

stability in aggressive environments and at high

temperatures, which is of practical interest for

special constructions.

Table 9. Compressive strength of water-mineral pastes

No.
Cementing
material

Temp,
of dehy-
dration

Compressive strength at 9 days

Normal
harden-

ing

Autoclaved at

8 atm 15 atm 100 atm

1 Serpentine olivine _

Chrysotile
asbestos.

Chrysotile
asbestos.

°C
800
800

950

kg/cm''

0
29

23

kg/cm'^

154
108

208

kglcm'^

147
86

238

kg/cm'
239
154

287

2..

3__

Table 10. Technical qualities of pressed slabs after

autoclaving at 8 atm

Binding
Composition of strength Den- Water

Material mixture sity absorp-
tion

1 day 1 year

1. Asbestos-
kg/cm^ kglcrrfi Percent

85% of cementing 234 310 1.69 16-24
magnesium material of fired

slabs." vv'astes+15% of
asbestos IV c

2. Asbestos- 85% of Portland 305 310 1.96 16-24
cement cement +15% of
slabs.b asbestos IV c

" The slabs obtained on the basis of fired wastes with aggregate of asbestos
are called "asbestos-magnesium."

b Asbestos-cement slabs were produced simultaneously with asbestos-
magnesium slabs and under the same conditions

I

Figure 10. Curves of complex thermal analysis of chrysotile

asbestos.

Abscissa: temperature, °C. Upper set of curves: untreated sample. Middle
set: dehydrated at 800 °C and steam cured at 100 atm. Lower set: de-
hydrated at 960 °C and steam cured at 100 atm. Dashed curves, weight
loss, percent; dot-and-dash curves, shrinkage, percent; solid curves,
thermal effects.
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Figure 11. Curves of complex thermal analysis of serpentine olivine.

Abscissa: temperature, °C. Upper set of curves: untreated sample. Lower set: dehydrated at 800 °C
and steam cured at 100 atm. Dashed curves, weight loss, percent; dot-and-dash curves, shrinkage,
percent; solid curves, thermal effects.
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Tests of specimens autoclaved at steam pressure

of 200 atm (Kakitskaya—1959) showed com-
pressive strengths increasing nearly 4 times as

compared with the strengths of the specimens
autoclaved at 10 atm.

In specimens produced from portland cement
with 15 percent asbestos aggregate we observe
strength decrease under conditions of pressure

increase.

From the results of laboratory and pilot-plant

investigations we can say that autoclaved mate-
rials of varied utility can be obtained, based on
magnesium silicates.

Martin slags contain about 20 minerals: calcium
silicates, magnesium silicates, periclase, and some
other compounds. It was established that Martin
slags can be used as cementing material in the

production of autoclaved building products of

dense and cellular structure.

The study of a great number of Martin slags

showed that all of them were able to hydrate.

Hydrothermal curing has great influence on slag

hardening. Under normal conditions, hardening

of slags proceeds slowly; upon autoclave treatment
the strength of specimens increases 50 to 60 times.

For example, specimens tested after autoclaving
at 8 atm attained strengths as follows:

in paste —-270 kg/cm^
in 1:1 mortar—'575 kg/cm^
in 1:3 mortar—-340 kg/cm^ in compression and

75 kg/cm^ in bending.

The strength of some slags reached 700 kg/cm^ in

one year.

Side by side with high cementing properties of

slags, some slags were found to have the capability

of bloating and cracking in the process of auto-
clave treatment. This behavior is probably con-
nected with the presence of periclase, MgO.
The results of work carried out over several

years allows us to state that the use of high-
pressure steam makes it possible to obtain building

materials with interesting qualities, on the basis

of new raw materials. Great prospects are open
for the efficient use of natural resources and the

complete use of raw minerals.

Autoclave Curing of Cementing Materials with High-Pressure Steam
(8 to 200 atm)

The study of the chemical processes of hardening
of Portland cement clinker under normal and
hydrothermal conditions enabled us to conclude
that at high temperature and pressure the reactions

of minerals and water occur more intensively than
under mormal conditions of temperature and
humidity, and that the products of autoclave
hardening have their own specific character.

Experimental work and theoretical considera-
tions in the field of hydrothermal curing of

cement, concrete, and lime-sand mixtures led to

the suggestion that since autoclave treatment of

the cited materials accelerates the hardening
processes by as much as 30 times even at 8 atm
(174 °C), more intensive curing at high steam
pressure might be even more effective. Unfortu-
nately, before 1950 this question had undergone
neither experimental nor plant-scale study, and
there were no pertinent data in the literature.

The theoretical foundations for physicochemical
processes taking place under hydrothermal condi-
tions were only partly studied, and dealt with
natural calcium hydro-compounds and the prod-
ucts of hydrosilicate synthesis in the system
CaO-SiOs-HaO.

It is impossible not to mark the fact that with
the use of the method of artificial hydrothermal
synthesis of hydrated minerals the development
of experimental mineralogy and petrography, and
the science of crystallochemistry of silicates as
well, have considerably outstripped the practical
application of hydrothermal curing.

For the f.rst time, in 1950, we began an investi-
gation (P. I. Bozhenov and G. F. Suvorova, 1955)
of the influence of high-pressure steam (from 8 to

200 atm, in the temperature range from 174 to

364 °C) on cements of different mineralogical

compositions.
The aim of the investigation was the study of

the dynamics of reaction of cement and its physico-
chemical properties, and investigation of new
formations of hydrated cements under a wide
range of pressures which would make it possible

to learn more profoundly the technology of build-

ing products fabricated by autoclaving.

Before describing the results of the work, it is

necessary to remark that during 1950 to 1960
great inaprovements were achieved in theoretical

work and in the practical perfection of the

technological production of autoclaved building

materials.

All said above leads to the conclusion that

autoclave curing of building materials is one of

the most effective and progressive technological

methods in the building materials industry, as is

generally recognized.

The first experiments had for their object the

establishment of the general requirements for

autoclave hardening of cements at high pressures

and temperatures. It was also desired to investi-

gate the composition and structure of the new
formations in the products of cement hardening,

after autoclave curing.

Cement specimens of different mineralogical

composition were exposed to autoclaving. Their
compositions are given in table 11.

For providing the necessary pressure, a labora-

tory autoclave-bomb was made, with capacity of

500 cm^ and for a working pressure of 300 atm.
Specimens 3X3X3 cm were prepared of neat

cement paste of plastic consistency and of 1:3

plastic mortars.
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Table 11. The influence of autoclaving on the strength of cement paste and mortars of different mineralogical composition

Cement
No.

A C 6 C 4 C 3 C 2 C B C C

CjS 69 67 47.6 47.2 33.3 28 20.5
Mlnerologlcal composi- CjS 18 18 26.0 29.4 37.7 46 54.7

tion of cement in %. CaA 4 7.6 10.7 6.9 12.7 6 15.1
C4AF 15 14.2 10.9 15.2 14 17 1.2

Begime of hardening kglenfi % kglcm'' % kg/cm^ % kgjcm^ % kglcm'' % kglcm''
j

% kglcm'' %

Cement paste (1:0)

Normal hardening during 28 days 965 100 1450 100 1165 100 1175 100 1260 100 845 100 836 100
Autoclaving at 8 atm_. 520 54 1060 73 760 65 530 46 620 49 620 73 440 53

15 atm.. 510 53 680 47 560 48 670 49 580 46 770 91 232 28
26 atm.. 190 19 210 14 205 18 126 11 190 15 480 57 156 10
60 atm.. 180 18 140 9 87 7.5 75 6 106 8 300 35 80 g

100 atm.. 105 11 143 10 77 7 53 5 120 10 105 12 83 10
200 atm.- 70 7 80 6 41 3 43 4 45 4 65 8 67 8

Cement mortar (1:3)

Normal hardening during 28 days 348 100 192 100 140 100 111 100 370 100 230 100 166 100
Autoclaving at 8 atm.. 313 90 236 123 175 125 225 203 380 103 426 185 235 142

15 atm.. 430 124 316 164 185 132 240 216 396 107 460 200 290 176
25 atm.. 600 172 312 162 226 162 220 198 430 116 365 159 227 137

50 atm.. 330 95 175 91 120 86 132 119 242 66 220 96 205 123
100 atm.. 165 48 135 70 113 81 134 121 214 58 193 84 179 118

200 atm.. 175 22 145 88

1

Autoclave curing of the specimens was carried

out at the following pressures and temperatures

:

8 atm—174 °C
15 atm—200 °C
25 atm—225 °C
50 atm—365 °C

100 atm—310 °C
200 atm—364 °C.

The rate of temperature increase and decrease
in the autoclave corresponded to 1.2 degrees per
minute. Upon reaching the chosen value, the
pressure was kept constant for 6 hr. The com-
pressive strength of the specimens was determined
just after autoclaving, and after rather long times
of normal storage (up to 1 year) as well.

The results of tests of the compressive strength
of specimens autoclaved at pressures of 8 to 200
atm are given in table 11.

In the investigated range of pressures, the
strength of the specimens achieved its maximum
for cement paste at pressures of 8 to 15 atm and
for cement mortars at pressures of 15 to 25 atm.
On intensification of hydrothermal curing (to 200
atm) a tendency toward reduction of strength was
observed.

Hydration of cements with high contents of

active minerals (C3S and C3A) occurs rather rap-
idly even when autoclaving at the lower pressures

(8 to 10 atm), but cementing materials with high
contents of slowly hardening components such as

C2S require more intensive autoclaving (up to 15
atm).^

High-pressure steam has greater influence on
cement mortar (1:3).

The use of steam at the pressure of 15 to 20
atm for all the cements increased the compressive

2 The autoclaving of neat cement paste (1:0) is considered here.

strength of specimens by 2 to 3 times as compared
with the strength of the specimens at the age of

28 days under conditions of normal hardening, and
by 30 to 50 percent in comparison with autoclav-

ing at 8 atm. Belite cement, particidarly, was
greatly affected by autoclaving.

On autoclave treatment, silica sand as an ag-

gregate plays an active part in the development
of physicochemical properties, depending on auto-

claving conditions.

The latest investigations showed that the long
regime adopted for the first experiments was ap-
parently inexpedient, particularly when using

high-pressure steam.
Numerous experiments with different initial

materials showed that when using high-pressure

steam it is necessary to reduce the general tech-

nological cycle of hydrothermal curing from the

12 to 14 hr regime at 8 atm to a 4 to 8 hr regime at

16 to 25 atm (fig. 12).

On the basis of a great number of experiments,

it appeared possible to use a new technological

method of treatment—autoclaving of materials at

high pressure without curing. This was called

"peak regime" (increasing-l- decreasing).

Figure 13 presents the results of one of the ex-

perimental series on the determination of peak
regime influence on the hardening of cement mor-
tar of the composition 1:3, of plastic consistency.

The analysis of the given material confirms the

great advantage of using high-pressure steam (16

to 20 atm) in comparison with autocla^^ng at 8

atm, because of the possibility of reducing the

duration of the general technological cycle of cur-

ing of building materials by one-half while simul-

taneously increasing the qualitative indices.

The experiments show that the relative effect

of autoclaving is higher for belite cements than

622829 0-62 -23 339
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for cements with high contents of C3S and C3A
(see table 11). This conclusion was proved with
nepheline cement, as its mineralogical composition
consists mainly of 2CaO- Si02 (80 to 85 percent)
(see fig. 14).

Proved possibilities (on the basis of tests with
Portland cement) of sharp reduction of the auto-
claving regime by increase of pressure to 15 to 25
atm became a basis for conducting investigations
on the behavior of lime-sand mortar, using high-
pressure steam.

In figure 15 are presented the results of tests

obtained by Petrenko (1952 to 1956) during his

study of the influence of steam pressure on the
strength of lime-sand mortars prepared with sands
of different grain fineness. From figure 15 it is

clear that the maximum strength corresponds to a
pressure of 15 to 25 atm. Increase of the total

surface of the quartz sand grains increases the
strength. In order to learn the influence of lime,

special tests were carried out. Their results are
given in table 12.

Figure 12. Strength dependence of cement mortars and
concrete on time of autoclaving

.

(Ordinate : ratio of compressive strength of steam-cured to normally hardened
specimens, percent.

(Abscissa: autoclaving period, hours. Pressures indicated in atm.)

Pressure Regime Compressive
Strength

Increase Hold Decrease Total

hr hT hr hr %»
8 2. 5 2.5 2 10 286 159

5 0 5 274 152

12 2.5 5 2.5 10 296 165
5 0 5 284 158

16.. 3 4 3 10 360 200
5 0 5 358 200

20 5 0 5 10 403 216

' Relative to 28-day strength of 180 kg/om^.

Pressure Regime Compressive
Strength

Increase Hold Decrease Total

hr hr hr hr kg/cmf
8 2.5 0 3 5.5 110 60

12 2 0 4 6 274 152

16 3 0 3.5 6.5 319 178

20 2 0 4 6 337 187

4 0 2 6 359 200

« Relative to 28-day strength of 180 kg/cm^.

Figure 13. "Peak-regime" influence on hardening of cement mortar of the composition 1:3 of plastic consistency.

(Ordinate: steam pressure, atm. Abscissa: autoclaving period, hr.)

340



p

280

240

200-

160

120;

PI

[

1

ou

40

0
AABAEHHEPatm I ATM 2 ATM 6 ATM 9 3 ATM

PEWHMbI
t HACAX

»•

no §>l

-* r~ IT) ol oJ
+ + - + +o o o o o

+ + +

0*CM to CO ol

-i-Sin incNio
+ + + *-+*-OOO 00-4^
+ + + + + +

CN lO tO io

to^ l>- S CM og
+ + + + +
CDO CZ5 CD CDO
+ + + * + +

§>j oi CM &j ~r S
KJiTiPEklUMOB i 3 4 5 6 7 8 9 ^0 44 ^ ^2 43 n J5 16 iJ i8 20

Figure 14. Influence of different regimes of autoclaving on strength of nephe-
line-cement mortars.

(Ordinate: compressive strength, kg/cm'. Data below graph indicate pressure in atm, regime in
hr, and number of regime, respectively.)

Table 12. The influence of high-pressure steam curing on
the strength of lime-sand mixes

Composition of mixture
Compressive strength in kg/cm', pressure at

(atm)

8 10 12 14 16 19 22 25 40 100

10:90 350 355 368 364 360 363 331 268 214 175
15:85 321 339 323 366 327 321 298 305 286 154
25:75 459 656 580 691 750 828 730 750 098 493
30:70 320 491 519 780 713 807 850 931 885 531

From table 12 it is clear that the optimum
pressure value changes, depending on the mixture
composition.
With increase of the lime content in mixtures,

the maximum value of strength moves in the
direction of higher pressures, up to 25 atm
inclusive. Tests carried out confirmed that for

lime-sand mixtures, too, it is necessary to reduce
the duration of autoclaving with increase of the
steam pressure in the autoclave.

522
"-^488

7-Tn4900

50i.meoo

8 15 25 50

174 200 225 265

100

310

200 300 ATM

364 374 t°C

Figure 15. Influence of steam pressure on the strength of
lime-sand mortars.

(Ordinate: compressive strength, kg/cm^. Abscissa: steam pressure, atm,
and temperature. Specific surface of sand, cm'/g, is indicated at right of

curves.)
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The Investigation of Products of Autoclave Hardening

Regularities, proved during the investigations,

in the change of the compressive strengtli of

cement and lime-sand materials depending on the

autoclaving regime, led the authors to study the

dynamics of new formations in dependence on the

mineralogical composition of the initial materials

and the autoclaving regime by means of differential

thermal analysis, the method of dynamic weighing,
petrography, Xrray analysis, and some other
methods of investigation.

The thermographs of cements hydrated at
different pressures are given in figures 16 and 17.

Comparative analysis of thermal effects indi-

cated by the heating curves showed that during
autoclave curing new products of hydration are

developed, quite different from the products of

normal hardening in composition and structure.

Endothermic effects observed in the intervals of

100 to 140 °C, 200 to 250 °C, 400 to 450 °C are
characteristic of the loss of free water and the

At
SOO /^oo 6^^ 8oo /ooo ,o A 200 JfOO £00 800 /ooo t

Figure 16. DTA curves of cement -paste {1:0) after autoclaving at 8 to 100 atm.
Left column: cement AC; right column: cement 4C. Top curves: cement hardened under normal conditions; other

curves: after autoclaving at pressures indicated.
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Figure 17. DTA curves of cement paste (1:0) after autoclaving at 8 to 100 aim.
Left column: cement BC; right column: cement C. Top curves: cement hardened under normal conditions; other

curves: after autoclaving at pressures indicated.

evaporation of capillary moisture which exists in

gel products of cement hardening.
In all the cases of pressure increase, gradual

decrease and even disappearance of the endo-
thermic effect at 550 to 580 °C, characteristic

of the decomposition of Ca(0H)2, was observed,
showing the combination of lime in new products
of hydration.

Clearly expressed endothermic drops in the
intervals of 620 to 740 °C and 800 to 900 °C
characterize crystalline structures of calcium
hydrosilicates of varied composition appearing
under conditions of high pressure and temperature
on one hand and decarbonation of CaCOa (second
effect) on the other hand.
The investigation of the products of cement

hydration by the method of dynamic weighing in

the process of heating up to 1,000 °C confirmed
that with pressure increase in autoclave treatment
new products of hydration are formed (fig. 18).

With pressure increase, gradual decrease of free

and wealdy-bound water was observed, as char-

acterized by the loss of moisture in the interval

100 to 400 ° C. Gradual diminishing of the con-

tent of Ca(0H)2 was confirmed also, as by the

DTA curves.

Increase of the hydrated products which lose

water in the narrow temperature interval 640 to

720 °C was observed.
Comparing the dehydration curves of the

investigated cements with those for nepheline

slurry, hydrated for a year, and for a sand-lime
mixture autoclaved at 15 atm, one can see that in

these cases new formations have similar composi-
tion not depending on the initial materials.

Petrographic investigation of specimens of

normal and autoclave hardening confirmed the
increase of the degree of hydration and cement
crystallization with increase of pressm'e. So we
can confirm that densification of the gel products
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FiGUKE 18. Curves of dynamic weighing of cement-paste {AC, BC, C).

(Ordinate: weight loss, percent. Abscissa, temperature, °C.) Curves, top to bottom:
lime-sand mixture, 15 atm.

AC, 200 atm.
AC, 100 atm.
AC, 8 atm.
AC, hardened under normal conditions

C, 200 atm.
BC, 100 atm.
BC, hardened under normal conditions
nepheline slurry

of hardening provides firmer binding, that, on the
contrary, increased crystallization at high pressure
promotes a decrease of the compressive strength of

hardened cement paste owing to the formation of a
coarsely crystalline modification, of fragile struc-

ture.

The results obtained permit the assumption
(according to Sheykin—1944) that in hardening
cement, the most rational proportions of gel and

crystalline components are those that give the

optimum value of mechanical strength. Pre-

dominance of one phase over the other reduces the

physicochemicai properties of the hardened cement
paste. Therefore, the optimum regime and inten-

sity of hydrothermal curing depend on the
mineralogical composition of the cement, which in

its turn is connected with the different rates of

hydration of different clinker minerals.
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Thermographic investigations carried out pro-

vide some material for explaining the process of

interaction of CaO and Si02 in commercial lime-

sand mortars. In figure 19 is given the thermo-
gram (curve I) (CaO:Si02= 1 :1) of the mortar.
Before the test, quick lime was hydrated to lime
hydrate. The thermogram shows the existence

of three main substances in the composition of the

initial mortar: Ca(0H)2, by the endothermal
effect of dehydration at 500 to 550 °C; SiOa, by
the polymorphous conversion of a-quartz at

573 °C; and CaCOs, for which dissociation begins

at 780 °C and ends at 920 °C.
On treatment of mortars having the ratios

CaO:SiO2=l:10, 1:3, and 1:1 (curves II, III, IV)
in the autoclave at a pressure of 16 atm for 8 hr,

one observes the following changes of thermal
effects (fig. 19):

1. Increase of the products of hardening within
the temperature interval of dehydration at 120 to

400 °C. The gel structural component, formed
by submicroscopical new formation, loses so-called

"zeolitic water," over this range of temperature.
2. Increased endothermic effect at 450 C°,

which in this case refers to the dehydration of

Mg(0H)2.
3. The endothermic effect representing the

polymorphous conversion of a-quartz (573 °C)
decreases with increase of basicity of the composi-
tion because of the fact that in lime-rich mortar
a great amount of Si02 interacts with lime (in

fig. 19, compare curves I and IV).

4. In the temperature interval 680 to 750 °C,
the endothermic effect is interpreted as dehydra-
tion of calcium hydrosilicate, possibly of crystalline

structure. Recrystallization of these dewatered
hydrates is followed by sharp exothermic reaction
in the range of 800 to 850 °C, which is so pro-
nounced that it covers completely the endothermic
effect of CaCOs dissociation, occurring at the same
temperature interval, and possibly accelerates the
latter process.

On the thermograms one notices the increase of

the area representing recrystallization with the
increase of new formations.

The following series of curves (fig. 20) reflects

the influence of the intensity of hydrothermal
curing on lime-sand mortars. Up to 25 atm
(225 °C) one notes a considerable gel phase which
on the curves is characterized by a wide area of

endothermic effect at 100 to 400 °C.

If the autoclave treatment is carried out at
temperatures higher than 225 °C, this effect on the
heating curves is absent, implying the absence of a
gel phase.

As in the preceding series of tests, the endother-
mic effect at 573 °C shows the phase conversion
of a-quartz.

At the temperature of 620 °C, the removal of

bound water from calcium hydrosilicates begins.

The dehydration reaction is completed at 680 to
740 °C. As shown, not only the quantity but also

the composition of new formations depend ou the

autoclave curing regime.
The endothermic effect of calcium hydrosilicate

dehydration is, in all cases, followed by an intense

exothermic reaction beginning at 800 °C and
ending at 840 to 850 °C. This effect may be
explained by phase conversion of the dehydrated
part of the calcium hydrosilicate.

One can judge the irreversibility of this reaction

by the repeated thermogram (fig. 21), which
showed no effects except the polymorphous con-
version of quartz.

The results of thermal analysis of lime-sand
mortars, prepared with sands of different specific

surfaces showed no essential qualitative differences

in new formations.

On hydrothermal curing, the processes of hydro-
silicate formation are of complicated character,

/i
1°

200 400 600 SOO /BOH

I CaO Si OrI I
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Figure 19. DTA curves of lime-sand mortars autoclaved
at 16 atm. for 8 hours. (Curve I, before autoclaving)
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FiGUEE 20. DTA curves of lime-sand mortars autoclaved at

8 to 300 atm.
(Figures at right give pressure in atm. and time in hr.)
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FiGUEE 21. No. 1— The first thermogram.
No. 2— The second thermogram..

and combinations formed with increase of curing
time or temperature are able to change the basicity

and the quantity of structurally-bound water.
The results of chemical analysis given in table

13, show that with increase of steam pressure the

quantity of bound CaO is nearly constant, and
the content of soluble Si02 increases considerably,

i.e., the quantity of less-basic hydrosilicates

increases owing to interaction of previously formed
new formations with silica.

Summarizing the investigations carried out we
can draw the following conclusions:

1 . In the investigated range of autoclaved lime-

sand mortars (8 to 300 atm)
,
complete binding of

lime with the silica of the sand occurs. The
absence of the endothermic effect of Ca(0H)2
dehydration at 550 °C points to this conclusion.

2. New formations—hydrosilicates of different

composition—interact with quartz, forming less-

basic hydrosilicates when the pressure increases or

the autoclave curing lengthens.

3. The strength of lime-sand brick depends on
the structure and quantity of new formations and
the interrelation of the gel and crystalline phases.

Low-temperature curing (10 atm) leads to pre-

dominantly gel-like hydrosilicates, while curing at

Table 13. Data of chemical analysis of autoclave-cured samples

Composition of mortar, lime: sand

1:3.

1:3.

Fineness Soluble
of mortar Pressure- Insoluble Soluble silica Hygro- Bound
grinding, time Free CaO CaO found Si02 SiOz relative scopic H20-f-C02
cm2/g atm-hr to dried moisture

mortar

% % % % % %
7500 8-8 None 16. 46 50. 97 15. 90 20.80 1.68 6.62

10-3 None 17. 52 56. 01 14. 16 17. 65 2. 62 7.05
19-3 None 17. 62 51.48 19. 06 23.60 1.48 6. 75
25-3 None . 17. 38 51.05 18.93 23, 60 2. 52 5. 90
100-0 None 17. 86 49. 74 23. 61 28. 15 1.12 3.79

200-O None 18.30 51. 16 19. 90 24.80 0. 21 6.02
300-0 None -. 18. 24 50. 29 22. 86 27.40 none 4. 13

5200 8-8 None - 18. 13 51.32 15. 95 20. 45 1. 65 8. 25
12-3 None - 17.93 50. 34 17. 16 21.86 1.83 7. 08
12-6 None 17. 66 48.82 17. 70 22.20 2. 54 7. 10
12-24 None 17.04 49. 16 20. 45 25. 35 2. 58 6. 04
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50 to 200 atm leads predominantly to hydrosili-

cates with crystalline structure. The maximuna
strength requires rational proportions of both
phases.

4. The data obtained confirm the assumption
that by choosing the optimum regime of auto-
claving it is possible to obtain products with high
strength, i.e., there is a possibility of controlling

the process of mineral formation.

5. On the basis of the investigations carried out
it may be proved that use of high-pressure steam
in the manufacture of silicate products allows one
to shorten the autoclaving cycle considerably.
Consequently, the autoclave turnover will increase,

and the production of plants making building prod-
ucts and units will increase, together with simul-
taneous improvement of the quality of the product.

General Conclusions

1. Autoclave treatment, by means of high-

pressure steam, of products based on various

cementing materials is one of the most effective

technological methods for considerably accelerat-

ing the hardening.
2. The optimum steam pressure in the autoclave

depends on the mineralogical composition of the
cementing materials. Cements with high con-
tents of active components (C3S, C3A) autoclaved
at the pressure of 16 atm require a sharp reduction
of the curing regime, because at this pressure the

process of hardening of such cementing materials
achieves the stable state more rapidly.

Cementing materials with high contents of C2S
and C4AF, and lime-sand mortar, need more in-

tensive autoclaving in the range of 16 to 25 atm,
with reduced regime of curing.

3. In all cases of production of building prod-

ucts at high pressure (15 to 25 atm), it is necessary
to reduce the duration of the general cycle of

autoclave curing at 8 atm from the 12 to 14 hr
employed to 4 to 8 hr.

4. The analysis of products of autoclave hard-
ening of cementing materials shows that for low-
temperature curing (8 to 12 atm) the gel structure
prevails in the end-product; for high-temperature
curing (25 to 200 atm), hydrocompounds of

crystalline structure prevail.

5. For obtaining materials with optimum quali-

ties it is necessary to achieve the most rational

proportion between the gel and crystalline phases
in the end product.

6. By changing the regime of autoclaving it is

possible to control the process of the formation
of minerals, and thus to obtain products with the

necessary structural properties.
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Paper III-S13. Concerning the Hydration Products of C3S and /3-C2S*

H. G. Kurczyk and H. E. Schwiete

Synopsis

The calcium silicates 3CaO-Si02 and /3-2CaO-Si02 undergo set, when mixed with small
quantities of water (w/c—0.1 to 0.5), in a manner similar to portland cement. This stiff-

ening process is accompanied by the formation of a hydrous calcium silicate. This product
of hydrolysis and hydration has a variable chemical composition, and was earlier designated
in cement literature as "gel" or as "the gel phase." Electron microscope studies have
shown conclusively that this calcium hydrosilicate is crystalline. It crystallizes in the
form of needles. The crystallites have an average length of 5000 A. Dynamic dififer-

ential calorimetry and quantitative X-ray analysis have permitted the determination of

the composition or CaO:Si02 ratio of this phase as 1.8 to 1.9.

Electron diffraction diagrams show that the hydration product of 3CaO-Si02 and
/3-2CaO-Si02 is morphologically and structurally similar to the mineral tobermorite,
Ca5Si60i8H2-4H20. It is therefore designated as the "tobermorite-like phase." Further
fine structure studies by means of electron beams and X-rays have yielded the elementary
cell of the tobermorite-like phase.

The lattice constants are: ao=11.2±0.3 A
6o=7.32±0.07 A
Co=27-28 A
a= /3=7= 90°

The crystalline lattice is strongly distorted. The tobermorite-like phase has the
same structural elements as tobermorite. It differs from the latter only in that between
the layer packets of tobermorite additional Ca++- and OH~-ions are deposited. The
exact positions of these ions could not be determined. However, with the results of the
investigation as a basis, a hypothetical structure formula could be set up for the tober-
morite-like phase:

Ca-[ CaiSieOie(0H)2][Ca- (OH)2] „

n=5-7. The calcium atoms with unknown lattice coordination are designated by x.

Resume

Les silicates de calcium, 3CaO Si02 et |3-2CaO-Si02, subissent le ph^nomene de prise

quand on les melange a de petites quantit^s d'eau (e/c-0.1 0.5), d'une fa5on comparable
au ciment portland. Cette reaction de durcissement s'accompagne de la formation d'un
silicate de calcium hydrate. Ce produit d'hydrolyse et d'hydratation a une composition
chimique variable, et on le trouve d&ign4 pr^c^demment dans la Utt^rature du ciment
sous le nom de "gel" ou "phase de gel". Des etudes au microscope 61ectronique ont revel6
d'une maniere concluante que cet hydro-silicate de calcium est cristallin. II se cristalhse

sous forme d'aiguilles. Les cristaux sont de 5000 A de long en moyenne. La calorimetrie
dynamique differentielle et I'analyse quantitative des rayons X ont permis de determiner
que la composition ou le rapport CaO:Si02 de cette phase est de 1.8 a 1.9.

Les diagrammes de diffraction 61ectronique indiquent que le produit d'hydratation
de 3CaO Si02 et (3-2Ca0-SiO2 est par sa morphologic et sa structure semblable au tober-
morite mineral Ca5Si60i8H2-4H20. On le d^signe par consequent sous le nom de "phase
semblable au tobermorite". Des etudes suppl^mentaires de fine structure au moyen de
rayons 61ectroniques et de rayons X ont donn6 la cellule 616mentaire de la phase semblable
au tobermorite.

Les constantes du r^seau sont: oo=11.2 ±0.3 A
6o=7.32 ±0.07 A
Co=27-28 A
a= &=y= m°

Le r^seau cristallin est fortement d6form6. La phase semblable au tobermorite a les

memes Elements de structure que le tobermorite. La seule difference d'avec ce dernier
reside dans le fait que des ions suppl^mentaires de Ca++ et 0H~ sont deposfe entre les

paquets de couche de tobermorite. Les positions exactes de ces ions n'ont pas pu etre
d4terminees. Cependant, sur la base des r^sultats de la recherche, on a pu 6tablir une
formula hypoth^tique de structure pour la phase semblable au tobermorite:

Ca-[Ca4Si60,6(OH)2] [Ca-(0H)2]n

n=5-7. Les atomes de calcium avec coordination de reseau inconnue sont d6signes par x.

'Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from Institut fiir Gestein.sliiittenkunde
Ehein. Westf. Technische Hochsohule Aachen, Germany. '
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Zusammenfassung

Die Calciumsilikate 3 CaO-Si02 und /3-2CaO-Si02 erstarren nach dem Ansetzen mit
kleinen Wassermengen (W/Z==0,1 bis 0,5) ahnlich wie der Portlandzement. Dieser
Erstarrungsvorgang ist mit der Bildung eines wasserhaltigen Calciumsilikates verbunden.
Dieses Hydrolysen- und Hydratationsprodukt hat eine wechselnde chemische Zusam-
mensetzung und wurde friiher in der Zement-Literatur als "Gel" oder als "Gelphase"
bezeichnet. Elektronenmikroskopische Untersuchungen ergaben eindeutig, daC dieses
Calciumhydrosilikat kristallin ist. Es kristallisiert nadelformig. Die Ivristallite haben
eine mittlere Lange von 5000 A. Mit Hilfe der dynamischen Differenzkalorimetrie und
der quantitativen Rontgenanalyse konnte die Zusammensetzung bzw. das CaOS:i02-
Verhaltnis dieser Phase mit 1,8-1,9 ermittelt werden.

Elektronenbeugungsdiagramme zeigen, daB das Hydratationsprodukt von 3CaO-Si02
und /3-2 CaO-Si02 dem Mineral Tobermorit Ca5Si60i8H2-4H20 morphologisch und struk-
turell sehr ahnlich ist. Es wird daher mit dem Namen "tobermoritahnliche Phase"
bezeichnet. Weitere Feinstrukturuntersuchungen mit Elektronenstrahlen und Rontgen-
strahlen ergaben die Elementarzelle der tobermoritahnlichen Phase:

Die Gitterkonstanten betragen:
ao=ll,2±0,30 A
6o=7,32±0,07 A
c= 27 - 28 A

Das Kristallgitter ist stark fehlgeordnet. Die tobermoritahnliche Phase enthalt die
gleichen Strukturelemente wie der Tobermorit. Sie unterscheidet sich vom letzteren
dadurch, daC zwischen den Schichtpaketen des Tobermorits zusatzlich Ca"'"+ und OH^-Ionen
eingelagert sind. Die genaue Lage dieser lonen konnte nicht ermittelt werden. Basierend
auf den Untersuchungsergebnisse konnte eine hypothetische Strukturformel der tober-
moritahnlichen Phase aufgestellt werden:

Ca-[Ca4Si60,a(OH)2] [Ca-(0H)2]„

n=5-7. Die Calciumatome mit unbekannten Gitterkoordinaten sind mit x bezeichnet.

Introduction

The calcium silicates |3-Ca2Si04 and Ca3(Si04)0
are the principal components of portland cement
clinker.

The hydration products of these components
play a decisive role in the hardening process of

Portland cement. A final explanation of the
course of hydrolysis and hydration of calcium sili-

cates would constitute an important contribution
to the theory of hardening of hydraulic cementing
materials.

It has been known for a long time that the cal-

cium sihcates C3S and 18-C2S, Hke cement itself,

take a set when mixed with a "small" quantity of

water and yield a product which is relatively strong
in compression. This setting process is associated
with the formation of a hydrous calcium silicate.

This product of hydrolysis and hydration has a
varying chemical composition and was formerly
designated in cement literature as "gel" or as the
"gel phase".

H. F. W. Taylor estabhshed that this gel

phase is identical with a synthetically obtained

calcium silicate hydrate, which he designated as

CSH(I). It is characteristic of this phase that its

composition can vary over a wide range (CaO:
SiO2=0.8-1.5) without loss of its fundamental
structiu-e. Furthermore, it is characteristic that

no stoichiometric relation of lime to silica and
water could be established for this compound.

C. F. ClaringbuU and M. H. Hey [2] found that

Taylor's CSII(I) was structurally very similar to

the natural mineral "tobermorite"—5CaO-6Si02-

5H2O. X-ray diagrams of tobermorite and
CSH(I) show good agreement in (i-values and in-

tensities. Because of this agreement, all phases

having a tobermorite-like X-ray diagram have
been denoted in German literature as "tobermo-
rite-like" phases.

Experimental Analysis of the Hydration Products in the Systems:
C3S-H2O and ^-C2S-H20

Favorable conditions for analytical investigation

of the calcium silicate hydrates that are formed
exist only if the reaction involved in their forma-
tion has been completed, i.e., if the hydration
products are no longer interspersed with remnants

of unreacted initial substances. This condition
is satisfied in tests in which the initial substances
are shaken with water or lime water. This test

method, however, does not reproduce conditions

1 Figures in brackets indicate the literature references at the end of this

paper.
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existing in a mortar layer, since the decisive con-

centration conditions are quite different here.

For this reason, we hydrated the calcium silicates

C3S and i3-C2S with small quantities of water
(w/c—0.5), and believe that our test conditions

successfully reproduced conditions of practice.

This test method is naturally beset with some diffi-

culties, as the pastes never reach the stage of com-
pleted reaction. X-ray determination of the

nonhydrated initial substances permitted us to

overcome this difficulty.

The initial substances, C3S and /3-C2S, were syn-
thesized through solid-state reactions. The /3-C2S

lattice was successfully stabilized by an admixture
of 0.5 percent of B2O3.

The alkali content of the synthetic calcium sili-

cates was as follows:

C3S

NaaO+KzO 0.019% 0.019%

The ground samples of C3S and /3-C2S (4000
Blaine) were mixed with water (w/c=0.5) and
hydrated in plastic tubes in a thermostat at 30 °C.
The hydrated samples were investigated by means
of dynamic differential calorimetry (DDC), roent-

genographically, and with the electron microscope
after 1, 2, and 3 months.

Test Methods

An important aid in determining the course of

the reaction is the determination of free lime
hydrate in the hydration products. In this deter-

mination we used B. Franke's [3] acetic acid ester-

isobutyl alcohol method. We found, however.

that the solvents used attacked the finely crystal-

line calcium silicate hydrates, especially after

several hours of boiling. A suitable method of

determining free Ca(0H)2 was found in dynamic
differential calorimetry.

Dynamic Differential Calorimetry (DDC)

In comparison with differential thermal analysis

(DTA) DDC permits a quantitative determina-
tion of the thermal effects. Like DTA, the DDC
method is based on the familiar differential method.
The significant innovation in DDC lies in the
fact that the temperature measurements are not
taken at the center of the specimens (fig. lb),

but on metal accessories (platinum cups) (fig. la),

from which the total heat requirement of the
samples is established. The advantage of this

method over DTA consists also in that the sample
under study can be weighed following every peak.
A detailed report on "Fundamental Principles

and Scope of Application of the Dynamic
Differential Calorimeter" was published by
H. E. Schwiete and G. Ziegler in Reports of the

German Ceramic Society {Ber. der DKG), V. 35,

1958, pp. 193-204.

E
\

Ni

a)

AT

b)

Figure 1. Arrangement for (o) dynamic differential

calorimetry and (b) DTA.

Determination of the Quantity of Liberated Ca(0H)2 by Means of DDC
The reaction

:

Ca(OH)2-^CaO+H20

is associated with an endothermic effect which is

proportional to a corresponding peak area on the
DDC diagram (fig. 2). This area (F) was deter-
mined by means of a planimeter. With the aid
of the final weight of the sample (E2) and a cali-

bration value (K), the quantity of liberated CaO
can be determined from the following equations:

moles CaO 0.757(F/K) ^ 100

moles /3-C2S
~ E2 H

moles CaO 0.757 (F/K) 100

moles C3S E2 H

where

:

E2(g)= final weight of the sample
after heating to 1000 °C
(in a DDC determination)

F(cm^)= area of the Ca(0H)2 decom-
position peak

K(cmVg)= calibration value for the

determination of Ca(0H)2
0.757; 3.08; 4.04= conversion factors

H=percent of h3'-drated C3S or

18-C2S (resp.) obtained hy
X-ray diffraction (counter

tube).

The values obtained for the quantities of CaO
liberated during hydration served for the compu-
tation of the CaO: Si02 ratio in the calcium silicate

351



hydrate phase formed in the systems C3S-H2O
and /3-C2S-H2O.

CaO : Si02-ratio of the calcium silicate hydrate
phase in the C3S-H2O system; w/c=0.5; hydra-
tion temperature 30°C:

After 1 month
1.88

After 2 months
1.87

After 3 months
1.92

CaO: Si02-ratio of the calcium silicate hydrate
phase in the |(3--C2S-H20 system; w/c= 0.5; hydra-
tion temperature 30 °C:

After 1 month
1.86

After 2 months
1.80

After 3 months
1.85

>— -- g- - ^ S ^ - -
- - i

Figure 2. DDC-plot of hydrated C3S (SO °C; w/c= 0.d; duration of hydra-
tion—1 month).

512 "C—dehydration of Ca(0H)2.

Electron Microscope Studies

First we followed the hydration process of particles hydrated on the object holder with a
tricalcium silicate in its initial stage. Figure 3 drop of water. After every examination the
shows two electron micrographs of single C3S samples were stored in a moist atmosphere. After

Figure 3. Electron micrograph of hydrated C3S.
(a) hydrated 1 hour; (b) hydrated 5 days.
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5 da3's the crystallization nuclei of the calcium

silicate hydrate phase can already be detected.

This study was followed by studies of C3S and
/3-C2S pastes. The micrographs (figs. 4 and 5)

reveal needle-shaped hydration products. Electron

diffraction is needed to identify these crystallites.

Figure 6 shows a small area diffraction micrograph
taken from the first series of the investigation.

Table 1 presents the computed c^ft^ rvalues of the

entire investigated series.

The (^ftt rvalues obtained above are not sufficient

to compute the lattice constants of the hydration
products. For this reason we tried to obtain the

hydrosilicate phase in a pure state so as to permit

a larger area to be diffracted. We hoped that

such multiple crystal diffraction would yield a

diagram with more rings. We produced the hy-
drosilicate phase in anhydrous insobutyl alcohol

in which C3S with particle size less than 1 m was

reacted with water (w/c=l). The hydrosilicate
phase thus obtained appears in figures 7 and 8.

The electron micrographs (figs. 9 and 10) were
irradiated at a low electron beam intensity. The
dotted rings are produced by the /3-C2S hydration

Table 1

No. I dhkt Selected area

1 s

A
3. 1-2. 8 CSH—needle-shaped from C3S pastes.

w 1. 79-2. 8

2- s 3. 0-2. 8 Do.
w 1.80

3-- s 3. 0-2.

8

Do.
w 1.80

4 s 3. 1-2.

8

CSH—needle-shaped from^-CjS pastes.
w

5_. s 3. 0-2. 8 Do.
w 1.82

Figure 4. Electron micrograph of hydrated C3S, w/c=0.5; duration of
hydration, 1 month; hydration temperature, SO °C; average length of cal-

cium silicate hydrate crystals, 5,000A.
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product (w/c=0.5), the sharp bright rings by the

gold caHbration preparation.

A comparison of the rf-values of C3S and i3-C2S

hydration products shows that C3S and /3-C2S at

low w/c ratio yield identical hydration products.

A comparison of these values with c^-values of

Taylor's CSH(I) phase also shows good agree-

ment. Deviations occur only in intensities, a

fact evidently attributable to the difference in

the effects of electron beams and X-ray beams on
the crystalline lattice.

We mentioned in the introduction that Taylor's
CSH(I) phase is structurally similar to the natu-
rally occurring mineral tobermorite. As our hy-
dration products conformed to the CSH(I) phase
(differences were recorded only in the basa,

Figure 5. Electron micrograph of hydrated ^-C^B; w/c— O.S; duration of
hydration, 1 month; hydration temperature, SO °C.

Prepared in isobutyl alcohol with ultrasonic pulsf (10 min). Average length of the
calcium silicate hydrate crystals: 5,000A.

FiGUKE 6. Diffraction diagram of the C3S hydration
product {crystal bundles).

Figure 7. Electron micrograph of CSH, the hydration
product of C3S; w/c=1.0; hydration temperature, 30 °C.
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Figure 8. Diffraction diagram for figure 7.

Calibration value: X- L=52.2 Amm.

(i*n-values computed from diffraction diagram

Ring radius, r I

TniTi A
17.1 vs 3.06
18.7 _- vs 2.80
24.1 w 2. 17
28.6 s 1.83
30.3 w 1.73
32.3 s 1.62
35.0 s 1.495
38.1 1.371
41.2 w 1.270
44.7 w 1. 169

diflfraction) they must also bear a structural

likeness to tobermorite. Surprisingly, this simi-

larity does not apply when the chemical com-
position of tobermorite is compared to that of

our hydration products. Natural tobermorite,
Ca5Si60i8H2-4H20, has a CaOiSiOa ratio of 0.83,

while our DDC studies yielded for C3S and /3-C2S

hydration products a CaO:Si02 ratio from 1.8 to

1.9. This remarkable feature of the tobermorite-
like phase must be related to the character of the
tobermorite lattice. Some data on the structure
of tobermorite are already available in the litera-

ture [4]. Its final structure has not yet been
defined.

Electron Microscope Studies

Single tobermorite crystals (figs. 11 and 12)

were isolated by means of selective screening and
their difi'raction patterns examined. Figures 13,

14, 15, and 16 show electron diffraction pictures of

such single crystals. We present two diagrams

Figure 9. Electron micrograph of hydrated /S-CaS.

Duration of hydration: 3 months; Hydration temperature:
30 °C.

Figure 10. Small-area diffraction diagram for zone A
(%. 9)

Calibration value: X-L=52.7 Amm.
(iftti-values computed from diffraction diagram

Ring radius, r /

mm A
17.30 s 3. 05
19.00. _ s 2. 78
28.75 s 1.83
32.40 w 1. 77
38. 50 - w 1.37

of Single Tobermorite Crystals

side by side, figure 17, in which the left diffraction

diagram represents the h*-c* zone of the reciprocal

lattice, while the right diagram is that of the a*-

h* zone. The position of the point interferences

shows that the crystals lie at (100) and (001).

No (010) points could be established.
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Figure 1 1 . Electron micrograph of synthetic tobermorite—
SCaO-eSiOs-SHjO.

Figure 14. Toherynorite single-crystal diffraction diagram;
{001) normal to electron beam; irradiated in the Co direction.

—

I

A.

Figure 12. Electron micrograph of synthetic tohermorite-

5CaO-6Si02-5H20.

Figure 15. Tobermorite single-crystal diffraction diagram;
(100) normal to electron beam; irradiated in the ao direction

.

Ring pattern: gold calibration substance.

Figure 13. Tobermorite single-crystal diffraction diagram;
{100) normal to electron beam; irradiated in the ao direction.

Figure 16. Tobermorite single-crystal diffraction diagram;
{001) normal to electron beam; irradiated in the Co direction.

Ring pattern: gold calibration substance.
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Figure 17. Indexing of electron diffraction diagrams of tobermorite single crystals.

Results
The following lattice constants were determined between Cq values of tobermorite obtained with the

on the basis of electron diffraction diagrams:

Tobermorite

ao= 10.9 ±0.30 A
6o=7.32±0.07 A
Co=17.15±0.09 A
a=l3=7= 90°

From X-ray diffraction, we have:

Tobermorite-like phase

ao=l 1.2 ±0.30 A
6o=7.32±0.07 A
7= 90°.

Tobermorite-

like phase

ao= 11.2 ±0.30 A
6o=7.32±0.07 A

Tobermorite

ao= 10.9 ±0.30 A
6o=7.32±0.07 A

Co(EI.) = 17.15±0.09 A.__
Co(X-ray)= 22.4± Co(X-ray)= 27.0-

0.05 A 28.0±0.05 A
We can see that there is a dift'erence of 5.2 A

electron microscope and with X-ray diffraction.

This difference is related to the interlayer water
in tobermorite. Tobermorite contains 4 moles
of H2O per formula unit. This water is lodged
between the stable elements of the structure as in

montmorillonite. It is driven off by the strong
electron bombardment and the individual struc-

tural packets become superimposed. The electron

beams thus produce a one-dimensional contrac-
tion of the elementary cell in the direction of the
c-axis from 22.4 to 17.15 A. The superimposed
stable structural elements of tobermorite are

probably not oriented ideally, as parallel to c*

there appear streak-shaped reflections which point

to a disturbance in the lattice with respect to the

c-axis.

Structure of the Tobermorite- Like Phase
Electron-microscope studies have shown that

the hydration products of tricalcium silicate and
;8-dicalcium silicate are morphologically and struc-

turally very similar to the mineral tobermorite,
Ca6Si60i8H2-4H20. The lattice constants ao and
60 of tobermorite and of the tobermorite-like
phase are identical (figs. 18 and 19). This justifies

the assumption that these two phases consist of
identical structural elements. According to Me-
gaw and Kelsey [4] tobermorite is a layered
mineral, a view confirmed by our diffraction

patterns. The tobermorite packets consist of

two layers of a combination of 4CaO with Si04
three-link chains ("dreierketten") on (001) sur-
faces which run parallel to b. These layered
packets are so packed one on the other that the
Si04 chains are superimposed. The tubular voids

between the SiOi chains accommodate the re-

maining Ca and O atoms, whose exact positions

are not fixed. The water lodged in the packet

(1 H2O per formula unit) is present in all prob-
ability in the form of OH groups connected with
the Si ions. Interlayer water is present between

the packets. The packet contains four formula

units, CasiSieOie (013)2].

In the tobermorite-like phase we have a

CaO:Si02 ratio of 1.8 to 1.9. It must therefore

be assumed that the excess CaO is built in between
the packets. This arrangement is indicated by
the magnitude of the Cq spacing of the tober-

morite-like phase, Co= 27-28 A. In between the

individual packets we thus have a space of 10 to

11 A.
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Figure 18. Tobermorite single-crystal diffraction diagram
a*-b* zone; ao=10.9±O.S A; ha= 7.32±0.07 A.

Figure 19. Multiple-crystal diffraction diagram of the

tobermorite-like phase.

1.8-1.9CaO-Si02-mH20. oo=11.2±0.3 A; 6o=7.32=t0.07 A.

st&srt
3.9.r

Tobermorftdhnliche Phase iCjS-f-MrcMions- ^V/'*\ /

Tobermorit V
SiO -SctMi/^

Figure 20. Infrared absorption spectra.

Solid line, tobermorite-like phase (CjS hydration product); dotted line, tobermorite.

One can imagine that this space is filled with
hydrated or solvated Ca ions. However, the
Ca-OH groups must be present without orienta-

tion as no additional hkl difi^raction lines could
be observed for the tobermorite-like phase.
Such phenomena are also encountered with
certain expansive clays.

On the basis of the above we have evolved a
hypothetical structural formula for the tober-
morite-like phase. The formula includes the
composition of the stable packets, according to

Megaw and Kelsey, and the Ca(0H)2 groups
packed between the layers. The Ca atoms with
unknown lattice constants are denoted by x:

CalCa^SieOieCOH)^] [CanOH)a]„
n=5-7.

Infrared (IR) absorption studies confirm the

similarity between the hydration products and
tobermorite (fig. 20).

In conclusion we must state that our views on
the structure of the tobermorite-like phase are

based on an idealized picture. A final answer to

the question of how the additional Ca and OH
ions are inserted or entrapped can be given only

when it is possible to take pictures of single

crystals of tobermorite-like crystals, which is very
difficult in view of the small dimensions of the

crystals.

However, it can be accepted with certainty that

the hydration products of C3S and iS-CgS are

crystalline. The continuous change of the con-

centration relations in a mortar layer permits the

formation of only highly disoriented crystallites

which is clearly revealed by the electron-diffrac-

tion patterns.
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SESSION IV. CHEMISTRY OF HYDRATION OF PORTLAND
CEMENT

Paper IV-1. Early Hydration Reactions of Portland Cement*
Kenneth T. Greene

Synopsis
The literature dealing with the early hydration reactions of portland cement at ordinary

temperature, pubhshed since the Third International Symposium in London in 1952, is

reviewed. Considerable research has been reported on various aspects of the hydration of
the individual compounds of cement. Our knowledge of the hydration of portland cement
itself is less extensive.

The general course of the early chemical reactions of hydration is traced, and the nature
and composition of the products of hydration of the alumina-bearing phases are discussed.
The reactions of the aluminates and ferrites predominate at very early ages, those of the
silicates from about the time of initial set onward.

The solution-precipitation and solid-phase reaction theories, two possible mechanisms
of cement hydration, are considered in the light of published data. It is concluded that
both types of process may be involved, with solution and precipitation probably prevailing
immediately after water contact, while the solid-phase type of reaction may typify the later
hydration. The later hydration rate is probably controlled, in most cements, by diffusion
of water through the layers of gelatinous hydration products.

The chemical and physical nature of the cement gel is discussed in relation to the de-
velopment of structure in the paste. The evidence indicates that setting and hardening are
intimately connected with the development of a very high surface area in the gel, and that
both physical and chemical forces are involved.

Resume
L'expose passe en revue la litt^rature qui traite des reactions du d^but d'hydratation

du ciment portland a temperature ordinaire, litterature publiee depuis le Troisieme Sym-
posium International de Londres en 1952. Les r&ultats d'etudes considerables sur les

diff^rents aspects de I'hydratation des composfe individuels du ciment ont eti rapportfe.
Notre connaissance de I'hydratation du ciment portland proprement dit est moins extensive.

Le cours general des premieres reactions chimiques de I'hydratation est retrace et la

nature et la composition des produits d'hydratation des phases contenant de I'alumine sont
discut^es. Les reactions des aluminates et des ferrites predominent au tout debut, celles

des silicates environ des le moment de la prise initiale, et de la continuent.
Les theories sur la reaction de la solution-precipitation et la reaction de la phase solide,

deux m^canismes possibles de I'hydratation du ciment, sont examinees k la lumiere des
rfeultats publics. On en conclut que les deux types de reaction peuvent se presenter I'un

et I'autre, la solution et precipitation I'emportant probablement sitot apres le contact avec
I'eau, tandis que le type de reaction de la phase solide est caract^ristique de I'hydratation
ult6rieure. La vitesse d'hydration ult^rieure est probablement controlee, dans la plupart
des ciments, par la diffusion de I'eau a travers les couches de produits d'hydratation g^latineaux.

La nature chimique et physique du gel de ciment est discutee en fonction du d^veloppe-
ment de la structure dans la pate. II est d6montre que la prise et le durcissement sont
intimement lies au d^veloppement dans le gel d'une large surface specifique et que des forces
physiques aussi bien que chimiques interviennent.

Zusammenfassung
Die Literatur des ersten Hydratationsreaktionen des Portlandzements bei Zimmertem-

peratur, die nach dem Dritten Internationalen Symposium des Jahres 1952 in London
verofTentlicht wurde, wird besprochen. Viele Arbeiten tiber die verschiedenen Hydrata-
tionsstufen einzelner Verbindungen des Zementes sind erschienen, aber unsere Kenntnisse
der Hydratation des Portlandzements selber sind nicht so vollstiindig.

Die allgemeine Tendenz der ersten chemischen Hydratationsreaktionen wird besprochen,
und die Natur und Zusammensetzung der Hydratationsprodukte der tonerdehaltigen Phasen
werden beschrieben. Die Reaktionen der Aluminate und der Ferrite sind bei frischen
Zementpasten die maCgebenden; mit der ersten Verfestigung ungefahr machen sich die

Silikatreaktionen starker bemerkbar.
Zwei Mechanismen der Zementhydratation sind moglich, namlich die Niederschlag-

bildung aus Losungen, und Reaktionen in fester Phase; beide Moglichkeiten werden an
Hand der Veroffentlichungen besprochen. Es wird der Schluf? gezogen, dafi beide Arten
Prozesse vorkommen konnen, wahrscheinlich in der Weise, daB Aufiosung und Nieder-
schlagbildung sofort nach Beriihrung mit Wasser einsetzt, und daC Reaktionen in fester

Phase sich wahrend der spateren Hydratation ereignen. Diese spatere Hydratation wird
vermutlich bei den meisten Zementen durch die Wasserdiffusion durch die gelatinierten

Hydratationsproduktslagen hindurch kontrolliert.

Die chemische and physikalische Natur des Zementgels wird in ihrer Beziehung zur
Ausbildung der Pastenstruktur besprochen. Es sieht so aus, als ob die Erstarrung und das
Erharten mit der Ausbildung einer sehr grolSen Oberflache des Gels in engster Beziehung
stehen, und daC sowohl physikalische als auch chemische Krafte ins Spiel kommen.

Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from the Research and Exploration Depart-
ments, Ideal Cement Company, Fort Collins, Colorado.
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Introduction

The chemical reactions involved in the hydration
of Portland cement have been studied with increas-

ing intensity in recent years. It can be truthfully

said that much progress has been made in the

understanding of these reactions, although it will

be admitted by all that there is still much more
to learn.

At the Third International Symposium on the

Chemistry of Cement held in London in 1952,

the current state of knowledge of the chemical
reactions of portland cement at ordinary temper-
ature was ably reviewed by Steinour [1].^ The
present paper is an attempt to survey the more
significant advances made in this same field since

the Third Symposium, giving particular regard to

the early reactions, by which the author means
those which take place from the time the cement and
water first come into contact, through the stage

generally described as final set, up to the age of

perhaps 2 or 3 days.

As pointed out by Steinour, early research dealt

largely with phase equilibria in the simpler
systems, CaO-Si02-H20, CaO-Al^Os-HsO and
CaO-Al203-CaS04-H20, and with the hydration of

the so-called pure cement compounds. For the
most part only limited studies were made on mix-
tures of cement compounds or on commercial
Portland cement because of the difficulties of

interpretation. Even when hydration studies

were made on cement, a large excess of water was
frequently used. The results of such experiments,
although yielding valuable data, could not be
related directly to pastes of ordinary consistency.

It must still be said that the direct study of the
chemistry of hydrating cement paste, having
water-cement ratios in the practical range, is very
difficult, although new and improved methods are

gradually increasing our knowledge. The more
promising of these include new developments in

the study of the liquid phase of hydrating paste and
refined techniques for the analysis of the solid

hydration products at early ages using X-ray

diffraction, differential thermal analysis (DTA),
thermogravimetric analysis, and infrared absorp-
tion and nuclear magnetic resonance methods.
The present discussion will be limited as much

as possible to the hydration of portland cement,
since the hydration of the calcium silicates and
aluminates is being covered by other contributors
to this symposium. However, it will be necessary
to refer frequently to the literature on the pure
calcium silicates and aluminates because of their

intimate relationship with the hydration of

cement. It will be necessary to deal in consider-

able detail with the normal hydration reactions

involving gypsum. It is not the purpose of this

paper, however, to discuss the problem of abnormal
reactions, such as false set, except as it has a
bearing upon the hydration of a normally retarded
cement.
A survey of the published work on cement

hydration since the Third Symposium reveals an
extensive literature with regard to the hydration
products formed when C3S, C2S, C3A, C4AF, etc.

react with water. On the contrary, there appears
to be relatively little new information available

on the very early reactions in actual portland
cement paste, particularly the reactions taking
place within the first few minutes of water contact.

While it is realized that research on the pure
compounds is essential, and to a considerable
extent must precede that upon cement paste,

nevertheless the present writer believes that the
time has come for more concerted attempts to

correlate the results of the two lines of investiga-

tion.

There are undoubtedly numerous unpublished
data bearing upon the problem of the very early

hydration reactions of cement which, if made
available, could contribute significantly to an
understanding of this complex question. Some
information of this nature has been obtained in

the laboratories of the Ideal Cement Company
and will be reported later in the present paper.

General Course of Early Chemical Reactions

Composition of Liquid Phase

Ordinary portland cement containing gypsum
for control of setting time, usually about 4 or 5

percent, begins to react extremely rapidly when
mixed with water. In fact the reaction is so
rapid as to be properly termed immediate and is,

consequently, very difficult to measure. It is

known that lime, sulfate, and alkalies enter the
solution swiftly in a paste having a water-cement
ratio in the range of 0.4 or 0.5. The Ca(0H)2
concentration soon reaches saturation, and lime
continues to dissolve to give a supersaturated
solution.

' Figures in brackets indicate the literature references at the end ot this
paper.

If the calcium sulfate is essentially in the form
of the dihydrate, the solution will generally

rapidly become saturated, but no't supersaturated
to any great degree, with CaS04. If calcium
sulfate hemihydrate or other dehydrated forms of

gypsum are present in the cement, it is well known
that the solution may become supersaturated
with CaSOi also. However, since we are here
assuming that the gypsum is in its fully hydrated
form, this situation will not be considered.

Various investigators have studied the chemical
composition of extracts from cement pastes taken
at various times after mixing. One of the most
extensive of such studies was that of Kalousek,
Jumper, and Tregoning [2]. Their results showed
appreciable amounts of alkalies, lime, sulfate, and
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hydroxide at periods of time as short as 7 rain,

while the concentrations of alumina, iron, and
silica were very low. Recent work by Strelkov [3]

also indicated low values for silica in solution and
also for alumina at periods of time as short as 2

min after mixing. Steinherz and Welcman [4] ob-
tained similar results with solutions separated 1

min after mixing cements with 60 percent of water.

Hansen [5, 6, 7] obtained information which led

him to believe that the concentrations of silica

and alumina are very low, even as early as 1 min
after mixing. However, data for times less than
1 min are generally lacking, and Steinour [8] in

his discussion of Hansen's most recent paper [7]

points out that it is not proven that the concen-
trations of alumina and silica do not reach high
values immediately upon mixing, followed by a

decline to the values which have been determined
at 1 min and longer. In fact, it seems very likely

that this is the case. At any rate, it can be said

that after a relatively short period of time the

solution becomes essentially one of Na"*", K+,
Ca++, and OH" ions.

If equilibrium prevailed during the first few
moments after water contact, it would be a rela-

tively simple matter to infer the concentration of

lime and sulfate, if the concentrations of the

alkalies were known, because the solubilities of

calcium hydroxide and calcium sulfate are deter-

mined by the concentration of alkalies in this

system. These relationships were shown by the
work of Hansen and Pressler [9]. However, the

solution is in a state of very rapid change for some
time after mixing, and thus equilibrium criteria

cannot be applied during this period.

Identity of Calcium Sulfoaluminate

Although there is considerable uncertainty con-
cerning the exact state of afi^airs in these first

moments, a few things are known with a reasonable
amount of assurance. First, it is obvious that the
lime-bearing constituents of the clinker begin to

hydrolyze immediately with release of calcium
hydroxide into the solution. The principal source
of this calcium hydroxide is probably the C3S,
although the C3A and calcium aluminoferrite phase
may also contribute a part.

At the same time AI2O3 from the alumina-
bearing phases is reacting rapidly with the sulfate

made available by the solution of the gypsum,
and the ample amount of calcium hydroxide now
present in the liquid phase. The product of this

reaction is fundamentally a calcium aluminate
sulfate, commonly called calcium sulfoaluminate,
the identity of which has been the subject of

some controversy.
The question has been whether the calcium

sulfoaluminate produced initially is the high-
sulfate form represented by the formula
3CaO-Al203-3CaS04-3lH20, known also by the
mineral name ettringite, or the so-called monosul-
fate orlow-sulfate form, 3CaO-Al203-CaS04-12H20.
The work of Jones [10], of D'Ans and Eick [11],

and Eitel [12] showed that the compound stable

under equilibrium conditions is the high-sulfate
form. However, due to the fact that we do not
have equilibrium conditions or anything approach-
ing them in the first few moments, some investi-
gators have been of the opinion that the low-sulfate
form might be produced first as a metastable
phase, later converting to the high-sulfate form.

Steinour [13] suggested that the product formed
might be different, depending on whether or not
the solution is already saturated with Ca(0H)2
and CaS04 when the aluminates begin to react.

He believed that saturation with Ca(0H)2 and
CaS04 should fi^vor the low-sulfate form.

Previous to the Third Symposium, Kalousek,
Davis, and Schmertz [14] had applied the method
of diflferential thermal analysis (DTA) to hy-
drating cement paste and interpreted their results

to mean that the high-sulfate sulfoaluminate is

the initial product formed. More recently Taylor
[15], using X-ray diffraction, detected the high-
sulfate form at the age of 1 day.
Manabe and Kawada [16], using solutions con-

taining radioactive sulfur-35, reported that in

fresh cements the formation of calcium sulfo-

aluminate occurs immediately after mixing with
water. These authors do not specify which cal-

cium sulfoaluminate is meant, but presumably it

is the high-sulfate form.

Indications of Differential Thermal Analysis

It may be appropriate at this point to introduce
data obtained by the writer in the laboratory of

the Ideal Cement Company which pertain directly

to this problem. The method of differential ther-

mal analysis has been used in our laboratories for

nearly 5 years in the study of cement hydration.
The equipment which we use is available com-
mercially and is illustrated in figure 1. Four
samples can be analyzed simultaneously, with the

curves being recorded automatically. Various
heating rates are available, but the rate most
commonly used in our studies has been 10 °C per
minute. The temperature limit of this apparatus
is about 1,100 °C.

With regard to the DTA method it should be
emphasized that variables, such as heating rate,

particle size and weight of the sample, and con-

figuration of the furnace, affect the shape and
features of the curves produced. This variabil-

ity must be borne in mind when comparing re-

sults obtained in different laboratories or on
equipment of different design. The results are

generally only qualitative, or at best, semiquan-
titative, but are quite useful when properly
interpreted.-

It should be stated also that the method of

drying is very critical in the dift'erential thermal
analysis of hydrated cements. Too severe dry-
ing must be avoided because some of the less

stable hydration products will be destroyed or

dehydrated to the extent that some of the ther-

mal effects will be diminished. We have found
that vacuum drying at room temperature is gen-

erally satisfactory. The evacuation is carried out
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Figure 1. Apparatus for differential thermal analysis.

at a pressure of perhaps 1 or 2 mm of mercury
and usually is not prolonged beyond the pomt
at which the free water is removed (about 2 or
3 hr for young pastes). Special techniques to stop
hydration are used when the period of hydration
is very short.

In connection with the data about to be pre-

sented, mention should be made of other reports
on cement hydration using the DTA method,
recently published by Lommatzsch [17], Rey [18],

and Mchedlov-Petrosyan, Bunakow, Goworow,
Latischew, Lewtschuk, and Sstrelkowa [19]. Rey,
in particular, points out some of the difficulties

inherent in this method, and precautions which
must be taken. He emphasizes the importance
of the manner of drying as it affects the shape
of the DTA curves.

Figure 2 illustrates the DTA curves obtained
in our laboratory on a typical cement hydrated
for various periods of time up to 7 days, along
with a curve for the unhydrated cement. The
curve for the latter shows a typical double endo-
thermic reaction for gypsum between about 140
and 170 °C. Slightly below 500° there is a broad
endotherm which is believed to be related to cal-

cium hydroxide formed during exposure to the
air. Between 700 and 800° is a long, broad endo-
therm caused by calcium carbonate, also produced
through exposure.

After 5 min hydration, a new, rather sharp, en-
dotliermic peak is seen at about 130°. This peak is

attributed to the high-sulfate calcium sulfoalumi-

Temperdture ^ °C.

Figure 2. DTA curves of a portland cement hydrated for
various lengths of time.

nate (3CaO-Al203-3CaS04-3lH20). The gypsum
double peak is still present, but it is reduced in

size. At 1 hr the calcium sulfoaluminate has in-

creased considerably in amount, and the gypsum
has decreased somewhat further. At 4 hr there

has been a continuation of the reaction produc-
ing sulfoaluminate and, in addition, a small new
peak has appeared just above 500°, indicating

the start of formation of crystalline calcium
hydroxide.-
The reason for the double character of the

peaks in the vicinity of 500° is not entirely clear.

A possibility is that the small endotherm repre-

sents chemisorbed water held on the surface of

free lime particles, while the second, larger peak
is due to the more coarsely crystalline calcium
hydroxide formed by crystallization from solu-

tion. In another set of experiments it was found
that the presence and size of the small peak cor-

related fairly well with the free-lime content of

the cements studied.

At 24 hr a marked increase in calcium hydrox-
ide is recorded, but the chief interest now focuses

on the low-temperature dehydrations. The dou-
ble peak of gypsum is now seen to be absent,

and a distinct shoulder is visible on the low-
temperature flank of the sulfoaluminate peak.

At 7 days this shoulder has grown so as to be-

come a peak exceeding that of the sulfoaluminate.

Experiments run on clinker without added gyp-
sum, to be described later, indicate that this peak
is due to calcium silicate hydrate. The peak is

particularly sensitive to the manner of drying
and can be almost eliminated from the thermo-
grams by prolonged vacuum drying at a low
pressure.

A new endotherm at about 200° is seen in the
curve for the 7-day sample. This peak is attrib-

uted to the low-sulfate calcium sulfoaluminate
(3CaO-Al203-CaS04-12H20) or possibly to a solid

solution of this compound with tetracalcium alu-

minate hydrate (4CaO-Al203-13H20). The ques-

tion of the composition of this phase will be
discussed in more detail further on. Other ex-

periments not illustrated indicate that this phase
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ordinarily makes its first appearance at some time
between 24 and 48 hr.

One additional feature should be mentioned
in connection with the 7-day curve. The rather
definite upward slope of the line between 200
and 500° suggests that some water is being lost

gradually from the paste in this temperature
range. This effect is noticeable but less pro-

nounced at 24 hr. It undoubtedly correlates

with the work of other investigators [20, 21, 22,

23], using thermogravimetric methods, which
shows that water is lost over quite an extended
temperature range from hydrated calcium sili-

cates and hydrated cement paste. Of interest

also are the growth of the calcium hydroxide
peak between 24 hr and 7 days, and the increase

in the size of the calcium carbonate endotherm
between 700 and 800°.

Returning to the question of the identity of

the calcium sulfoaluminate first formed during
hydration of a cement, these curves and many
others similar to them, which have been obtained
in our laboratory, have convinced the writer that

under ordinary circumstances the high-sulfate

form is always the first to form. Experiments
in which the hydration is topped after 2 min
give similar results, although the quantity of this

phase is less than at later periods.

When the quantity of gypsum is sufficient,

which is the case with most cements, the high-
sulfate sulfoaluminate always forms initially,

followed by the appearance of the low-sulfate

form, or a closely related phase, after the gypsum
has been used up. We have attempted to confirm
these indications by means of X-ray diffraction,

but the results have not been too successful thus
far. It is believed that a heavy-liquid concen-
tration technique, similar to that employed by
Taylor [15], would indicate the presence of the
high-sulfate form even at very early ages.

An indirect confirmation of the above conclu-
sions was found in experiments made with clinker

without gypsum added, or with insufficient gyp-
sum for normal retardation. DTA curves illus-

trating these results are given in figures 3 and 4.

The curve for clinker hydrated for 5 min (fig. 3)
shows no sign of the typical endothermic peak
associated with the high-sulfate sulfoaluminate,
but instead shows an endotherm in the neighbor-
hood of 200 °C.
A peak in this location has been correlated

by other investigators, as well as ourselves, with
the hexagonal tetracalcium aluminate hydrate
(4CaO-Al203-13H20) or a related sohd solution

[14, 18]. It will be noted that this endotherm
persists up to the age of 7 days. Figure 4 shows
the results at 4 hours' hydration with the same
clinker, to which was added 1 percent, 2 percent,
and 4 percent of gypsum.

It appears that 1 percent of gypsum was
not sufficient to prevent the formation of the
4CaO-Al203-13H20 for this period of hydration,
since this form, as well as the high-sulfate sulfo-

aluminate, is present in small amount in this

7 Days

300 AOO Soo 60O

Temperature , °C.

Figure 3. DTA curves of a portland cement clinker

hydrated without gypsum for various lengths of time.

I % Gypsum
Unhydrd+ed

I % Gypsum
4- Hours

2% Gypsum
4 Houri

4% Gypsum

Unhydrated

4% <5ypJum

4 Hours

Temperature , *C.

Figure 4. DTA curves of a portland cement clinker

hydrated with various amounts of added gypsum.

sample. Two percent of gypsum has resulted in

a fairly large amount of high-sulfate sulfoalumi-

nate and has effectively prevented the formation
of 4CaO-Al203-13H20. The sample with 4 percent
of gypsum shows the high-sulfate sulfoaluminate
and an excess of unreacted gypsum.
The suggestion of Steinour, previously men-

tioned, that formation of the low-sulfate sulfo-

aluminate may be favored initially when hj^dration

takes place in a solution already saturated with
Ca(0H)2 and CaSO^, was investigated using the

same cement as in the experiments of figure 2.

The cement was hydrated for 2 min at a water-
cement ratio of 0.4, both with distilled water and
saturated Ca(OH)2-CaS04 solution. Hydration
was stopped by stirring the paste into an excess

of acetone, filtering, and drying in vacuum for

1 hr.

The DTA curves obtained are sho^^^Q in figure 5.

It will be noted that the endotherm for the high-

sulfate sulfoalumiaate is present in the upper
curve (at about 120 °C) but is almost completely
suppressed in the lower curve. However, it is

significant that there is no indication (at about
200 °C) of the presence of the low-sulfate or

solid-solution phase in either curve.

Perhaps a word should be said here in explana-
tion of the prominent endotherms between 100
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Distilled HjO

Sot CafciHj^+CaSO^.

2 Mmu+e^

lOo 200 300 400 Soo boo

Tempera+ure , "C.

Figure 5. DTA curves of a portland cement hydrated for

two minutes with distilled water and with a solution

saturated with Ca(0H)2 and CaS04.

and 150° in several of the curves of figure 3.

These endotherms could be attributed mistakenly

to the high-sulfate sulfoaluminate were it not for

the fact that they were obtained on samples of

clinker to which no gypsum had been added.

The percentage of SO3 in the clinker itself is

too small to produce any such quantity of

sulfoaluminate.

There is considerable reason for beheving that

these endotherms are due to calcium silicate

hydrate, as mentioned previously. It will be
noted that the size of the endotherms associated

with this phase, when dried similarly, increases

with time at a rate roughly proportional to the

quantity of calcium hydroxide, strongly suggesting

that they are related to the hydration of the

calcium silicates.

Simplified Summary of Reactions

Based on the foregoing considerations, the

writer would like to suggest the following as a

simplified statement of the course of the early

hydration reactions at ordinary temperature: An
ordinary portland cement, when mixed with water
to form a paste of a water-cement ratio in the

range of 0.4 or 0.5, and cured in a moist atmos-
phere, begins to react immediately. The gypsum

and alumina-containing phases of the clinker

immediately start to react to form the high-
sulfate calcium sulfoaluminate. Tricalcium silicate

also starts to hydrolyze at a very early stage, and
the solution soon becomes supersaturated with
calcium hydroxide.
The calcium sulfoaluminate gradually increases

in amount, and the gypsum is gradually used up
by reaction with the aluminates. The gypsum
has generally disappeared after about 24-hr hydra-
tion. Sometime later, depending upon the amount
of gypsum present and the characteristics of the
particular cement, the low-sulfate calcium sulfo-

aluminate, or a solid solution of this compound
with hexagonal tetracalcium aluminate hydrate,
begins to make its appearance as a solid phase.

Concurrently with the sulfate-aluminate reac-

tions, the C3S is hydrating, and as evidence of

this, crystalline calcium hydroxide begins to form.

This compound can sometimes be detected by
DTA after 2 or 3 hr. It continues to increase

in amount with time, and is a rough indicator of

the development of the calcium silicate hydrate
phase. Dicalcium silicate hydrates also, but at

a much slower rate than the C3S, and contributes

its share to the total calcium silicate hydrate.
The minor clinker constitutents, such as the

alkalies, may alter the rate of hydration of a ce-

ment, but the present evidence seems to indicate

that the chemical nature of the hydration products
is not radically altered by the percentages of these

minor constituents normally present. The role

of the iron-containing phases in the early hydra-
tion reactions is uncertain at the present time.

Some investigators believe that compounds analo-

gous to the calcium sulfoaluminates are formed,
or perhaps solid-solution compounds containing
both u'on oxide and alumina. More will be said

of this subject later.

Nature and Composition of Alumina-Bearing Phases

Absence of 3CaO ALOa 6H2O

It is perhaps appropriate at this point to explain
the absence of the cubic tricalcium aluminate
hexahydrate (3CaO-Al203-6H20) from the above
picture of the early hydration reactions. Pre-
viously cited phase equilibria studies [10, 11, 12]

have shown that this compound is the stable phase
in equilibrimn with calcium hydroxide and high-
sulfate sulfoaluminate in the system CaO-Al203-
CaS04-H20. These studies also showed that the
hexahydrate, although stable, is greatly retarded
in its crystallization, and the low-sulfate double
salt forms instead.

Kalousek, Davis, and Schmertz [14] found no
evidence of the hexahydrate in hydrating cement,
although they did find evidence of its presence in
clinkers hydrated for 28 days and longer. Their
conclusion was that only very small amounts of
S04~ ~ are required to inhibit the formation of the
hexahydrate and that this SO4— stabilizes the

hexagonal structure of the low-sulfate double salt

or solid solution. Later work appears to confirm

this explanation.

Experiments conducted in our laboratories have
suggested another factor which does not seem to

have been mentioned by other investigators. This
is the eff"ect of the calcium silicates on the hydra-
tion of the tricalcium aluminate. It is well Imown
that tricalcium aluminate when mixed alone with
water hydrates very rapidly, producing mainly
hexahydrate along with some tetracalcium alu-

minate hydrate and dicalcium aluminate hydrate
(2CaO-Al203-8H20). It hydrates somewhat less

rapidly when mixed with saturated calcium hy-
droxide solution, but still produces considerable

3CaO-Al203-6H20.
In our experiments we found that when C3A

was mixed with C3S, or a mixture of C3S and C2S,

and hydrated, the hexahydrate was preverited

from forming, and only the hexagonal calcium
aluminate hydrate was produced. We have not
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found evidence of the hexahydrate by DTA in

either clinkers or cements at ages up to 7 days.

However, this is not to say that this compound
may not form after longer periods of hydration.
The retarding action of calcium hydroxide is

also frequentl}^ mentioned in the literature, par-
ticularly as it applies to the hydration of the cal-

cium aluminates. Thus, it would seem that the
hydration of the C3A in a cement, particularly at

early ages, is controlled by the combined effect of

the calcium sulfate, the calcium hydroxide, and
the calcium sUicates present.

New Data on Hydrated Calcium Aluminates
and Sulfoaluminates

The actual composition of the hexagonal solid-

solution phase at various stages of hydration is a
problem which requires further elucidation. It

appears to have been generally accepted by most
investigators that the low-sulfate calcium sulfo-

aluminate and the tetracalcium aluminate hydrate
form a solid-solution series. However, it has not
been possible up to this time, so far as the writer

is aware, to determine the position in this series

of the hexagonal phase present in a hydrating ce-

ment at any particular time. Unfortunately, the
DTA curves of the two end members of the series

are very similar, particularly the curves arising

from the small amounts present in hydrating ce-

ment. The published X-ray diffraction patterns

[24] also are similar, but possibly differ enough so

that with refined techniques the X-ray method
might be used to indicate the composition of the
solid solution.

Considerable material is found in the recent
literature on the calcium aluminate hydrates and
the calcium sulfoaluminate compounds. Nicol
[20] studied the reactions of the pure calcium
aluminates with a limited amount of water, using
the methods of thermogravimetric analysis and
X-ray diffraction.

Roberts [25] studied the calcium aluminate
hydrates and reported several hexagonal forms
which had not been described previously. At
25 °C a hydrate with the formula, 4CaO-Al203-
I9H2O, was found which Roberts believed to be
the stable form in contact with solution. It

appears from this work that 4CaO-Al203-13H20
is actually a dehydrated form of this more highly

hydrated compound. Roberts found two forms
of the I3H2O hydrate and also two other tetra-

calcium aluminate hydrates having water contents

of llHjO and THgO. Thus, the situation appears
to be quite complex, and much additional work
will be required to correlate these compounds with
those which may be present in actual hydrating
cements.

Astreeva and Lopatnikova [26] have recently

studied the composition and properties of the

hydrated calcium sulfoaluminates. They state

that the composition and structure of the sulfo-

aluminates arising from the various alumina-
bearing cement clinker compounds differ, basing
their conclusion on microscopic, chemical, electron-
diffraction, and electron-microscope determina-
tions. Two of the conclusions of these authors
are of particular interest. They state that during
the hydration of the aluminates and alumino-
ferrites in the presence of gypsum, the high-
sulfate sulfoaluminate always forms independently
of the quantity of gypsum, and that if insufficient

gypsum is present to react with all of the calcium
aluminate to form the high-sulfate sulfoaluminate,
the remainder forms the hexagonal hydrated
calcium aluminate (4CaO-Al203-13H20). They
further state that the calcium monosulfoaluminate
or low-sulfate form is not produced.

These conclusions are presumably based on
differences in the measured properties of the
phases. Astreeva and Lopatnikova also observed
that part of the water of crystallization can be
driven off from crystals of the hydrated calcium
sulfoaluminates without breaking down the orig-

inal crystal form, but that further removal of

water leads to destruction of the crystals.

Turriziani and Schippa [27] have made a

detailed study of the system CaO-Al203-CaS04-
H2O by X-ray and DTA methods. They con-
cluded that the DTA method is capable of

semiquantitative results in the identification of

the various sulfoaluminate phases occurring in

this system. According to them, it is possible

under favorable conditions to determine with
good approximation the range of molar ratios,

CaS04:Al203, of the solids. These investigators

believed that they had observed a new hexagonal
phase similar to the low-sulfate sulfoaluminate
but possessing a different X-ray diffraction pat-

tern. Further work indicated that the differences

in X-ray spacings were related to the humidity
conditions under which the samples were dried.

One highly important observation of Turriziani

and Schippa relates to the X-ray diffraction

patterns and optical properties of solids with a

molar ratio, CaS04:Al203, of less than unity.

The optical properties were found to vary with
this ratio, as would be expected in the case of a

true solid-solution series. However, the X-ray
diffraction patterns of all materials with a molar

ratio less than unitj^ showed the lines of tetra-

calcium aluminate hydrate, as well as those of

the low-sulfate sulfoaluminate, irrespective of the

CaS04 content. The intensity of the 4CaO-
A1203-13H20 lines increased with decreasing

calcium sulfate content, while that of the

3CaO-Al203-CaS04-12H20 lines decreased. These

authors conclude that it is possible that the

two compounds may intercrj^stallize into a solid

composed of alternating la3^ers of both com-

pounds. Further work is needed to clarify this

situation. If Turriziani and Schippa "s observa-

tions are confirmed, then the earlier work of

Kalousek [28] and Jones [10] must be revised.
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other Complex Hydration Products

Calcium sulfqferrites. It was mentioned previ-

ously that compounds analogous to the sulfoalu-

minates but containing iron oxide in addition to

alumina are possibly formed in hydrating cement
paste. There is good evidence for the formation

of these compounds in the pure oxide systems, but
in the cement-water system the evidence is largely

circumstantial. In their discussion of Steinour's

paper at the Third Symposium [1], Malquori and
Cirilli [29] presented data confirming the existence

of calcium sulfoferrites analogous to the high-

sulfate and low-sulfate sulfoaluminates.

Relatively little can be found in the literature of

the intervening years relative to these interesting

compounds. Budnikov and Gorshkov [30] have
investigated the reactions of calcium aluminates
and calcium aluminoferrites with gypsum. Their
X-ray diffraction patterns showed the presence of

the high-sulfate calcium sulfoaluminate, in mix-
tures of gypsum with synthetic 6CaO-2Al203-Fe203,
4CaO-AL03-Fe203, and 6CaO-Al203-2Fe203. Re-
actions of dicalcium ferrite (2CaO-Fe203) with
gypsum gave lines corresponding to the high-

sulfate calcium sulfoferrite. Their original paper
was not available to the writer, but the abstract

makes no mention of solid solution between the
alumina and iron compounds. Malquori and
Cirilli [29] believed that such solid solutions were
possible.

Contrary to the results cited above, Watanabe
and Iwai [31], using electron microscopy, X-ray
diffraction, and DTA, observed no compound
corresponding to the composition 3CaO-Fe903-
3CaS04-3lH20 in the hydration products of

dicalcium ferrite and calcium sulfate. Schippa
[32] recently studied the system CaO-Fe203-
CaS04-H20 and reported the existence of both
high-sulfate and low-sulfate analogs. The low-
sulfate compound was found to exist in two dif-

ferent hydrated forms, depending on the relative

humidity of the medium.
The above investigations were made on systems

of pure compounds and, thus, are not directly

applicable to cement hydration. The following
statement of Steinour in his Third Symposium
paper [1] still appears to stand today: "The role

of iron oxide in the reactions of cement hydration
is still an obscure matter on which much more
work must be done."

Calcium silicoaluminates. The possibility of

complex phases containing other constituents
should not be overlooked. References to various
calcium silicoaluminates have appeared frequently
in the literature. Thus, we have the phase known
as Stratling's compound (also called "gehlenite
hydrate") with the formula 2CaO-Alo03-Si02-
XJI2O [33, 34].

Turriziani and coworkers [35, 36, 37] have con-
firmed the existence of this compound and have
identified it in the reaction products of dehydrated
kaolin and calcium hydroxide at ordinary tem-
perature. Benton [38] also identified Stratling's

compound in the reaction products of calcined
kaolin and calcium hydroxide, and of calcined
kaolin and portland cement, at 38 °C (100 °F).
Another calcium silicoaluminate is a compound

analogous to the high-sulfate calcium sulfo-

aluminate. This compound was prepared by
Flint and Wells [39], who also were able to obtain
a phase corresponding to the low-sulfate sulfo-

aluminate, with the formula 3CaO-Al203-CaSi03-
12II2O. Mohri [40] has recently reported the for-

mation of one of these phases in the hydration
products of preparations in the system CaO-Al203-
Si02 and gives an X-ray diffraction pattern and an
electron micrograph.
The hydrogarnet solid solutions should also be

mentioned, although their relation to the hydra-
tion of cement at ordinary temperature is not at

all clear. These compounds can be readily pre-

pared under hydrothermal conditions, but al-

though tricalcium aluminate hexahydrate (3CaO-
A1203-6H20) is considered to be one end member
of this series, the mixed hydrogarnets have not,

to the writer's knowledge, been reported as having
been formed at room temperature. However,
zur Strassen [41] apparently believes that both
hydrogarnets and Stratling's compound (gehlenite

hydrate) may be produced during hydration at

ordinary temperature. He states that there may
be formed, besides calcium silicate, aluminate, and
ferrite hydrates, complex hydrates which simul-
taneously contain lime, alumina, and silica or
alternatively lime, alumina, iron oxide, and
silica. In experiments described by him there
were found only "gehlenite hydrate" and member**
of the hydrogarnet solid-solution series.

Calcium carboaluminates. Other complex com-
pounds of possible significance are the calcium
carboaluminates. At least two forms have been
reported, corresponding respectively to the high-
and low-sulfate forms of calcium sulfoaluminate.
These compounds are important in the present
discussion, not only because they may be formed
by reaction of a moist hydrating cement paste
with carbon dioxide in the air, but also because
most cements contain small quantities of alkali

carbonates, which may possibly react to produce
carboaluminates when the cement is mixed with
water.

Bessey [42] prepared both high- and low-
carbonate forms with the formulas, 3CaO-Al203-
3CaC03-XH20 and 3CaO-Al203-CaC03-XH20. Al-

though there has been some speculation con-
cerning the possible occurrence of such compounds
in hydrating portland cement, evidence for such
occurrence has been lacking, and it has been
assumed quite generally that calcium carbonate
is the only product of the reaction of portland
cement with carbon dioxide, as well as with alkali

carbonates in cement.
Recently, however, Turriziani and Schippa [43]

have identified the low-carbonate form in a film

formed on the surface of the water contained in a

vessel in which cubes of alumina cement paste had
been curing for a period of about 2 years. These
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authors also prepared this compound in the

laboratory, and their identification is based upon
the agreement of the X-ray patterns. Carlson

[44] in a study of the system CaO-AlaOa-HgO at

1 °C believed that he had obtained a carboalumi-
nate, probably having the formula, SCaO-AlgOs-
CaC03-llH20, as the result of CO2 picked up
during storage of his reaction mixtures. Budnil^ov
and Azelitskaya [45], in a very recent article on
the effect of added electrolytes on the hardening
process of C3A, state that in the presence of 0.5

percent of calcium carbonate, large amounts of

gel-like SCaO-AljOa-CaCOa-lSHaO are formed,
tin til recently, however, there has been no sug-
gestion that a calcium carboaluminate might be
formed in a hydrating portland cement paste.

Some experiments in our laboratories, using the

DTA method, may be of interest in this connec-
tion. A cement was hydrated for 24 hr at room
temperature at a water-cement ratio of 0.35, both
with and without 2 percent of sodium carbonate
by weight of the cement. The DTA curves are

shown in figure 6. Curve No. 2, which represents

the cement to which the sodium carbonate had
been added, bears a marked resemblance to the
curve for the monocarboaluminate given by
Turriziani and Schippa [43] in their paper. These
data are only suggestive, and it is hoped that it

may be possible to confirm the presence of carbo-
aluminate by X-ray diffraction methods.

In spite of considerable evidence indicating the
possibility of the formation of various complex
alumina-bearing compounds during the early

stages of Portland cement hydration, it is obvious
that our knowledge of the precise state of afl^airs

is very limited. We believe there is good evidence
of a compound closely akin to the high-sulfate

calcium sulfoaluminate or ettringite which forms
at very early ages, and likewise, there is rather
convincing evidence of a hexagonal phase related
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FiGURE 6. DTA curves of a portland cement hydrated for

24 hr with distilled water and with a solution containing
2 percent of Na^COs hy weight of cement.

to the low-sulfate sulfoaluminate, which makes
its first appearance at a somewhat later time. We
do not Ivnow, however, to what extent these

phases are solid solutions containing appreciable
amounts of iron, silica, and carbonates. The
solution of this problem is one of great difficulty,

and we must expect that progress will be slow.

An example of the type of question which comes
to mind is as follows: Is the hexagonal phase,

which appears after the gypsum is depleted,

similar to the one which forms almost instanta-

neously when a clinker without gypsum is mixed
with water, or are there significant differences in

composition? The phase represented in early

hydration of clinker, for example, may be essen-

tially pure tetracalcium aluminate hydrate,

whereas the phase appearing later in hydrating
cement may possibly represent a more complex
solid solution or interlayered compound, con-
taining any or all of the substances mentioned
above. It will be necessary first to resolve some
of the contradictions in the literature and then,

as new methods and techniques make it possible,

to correlate the well-established facts on the

chemical systems involved with results obtained
with the cement-water system.

Reactions of Calcium Silicate Phases

Except for the very rapid hydrolysis reaction
of C3S, whereby the solution quicldy becomes
supersaturated with calcium hydroxide, the ob-
servable reactions of the calcium silicates of

cement are much slower than those of the calcium
aluminates and aluminoferrites. Thus, definite

crystalline compounds cannot usually be identified

untU calcium hydroxide begins to crystallize after

several hours of hydration.
Until recent years it was not possible to dis-

tinguish or to conclusively prove the existence of

crystalline calcium silicate hydrates in cement
paste, and consequently, the calcium silicate

hydrates were considered to be essentially amor-
phous. It is now well-established that the so-
called "cement gel" is composed essentially of
calcium silicate hydrate crystals but of such
a small particle size as to be colloidal in behavior.
The "crystallization" theory of Le Chatelier and
the "colloidal" theory of Michaelis, long con-

sidered to be in opposition to each other, are, thus,

now recognized as both being partially correct.

Since the calcium silicate hydrate occurring in

portland cement paste is poorly crystallized, even
after rather long periods of hydration, it is studied

with great difficulty at very early ages. Thus,
while we know that the calcium silicates of

clinker are entering into hydration reactions from
the very moment of water contact, we find that

the conventional methods of study do not provide

much information concerning the nature of the

hydration product initially formed. Neverthe-
less, it is frequentlj^ possible to gain considerable

insight into the early chemical reactions by
indirect methods.
The literature records a great deal of research

on the hydration products of the calcium silicates.

However, these studies have of necessit}" been
made on products obtained only after days or

weeks of hydration, since the materials obtained
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at early ages do not give recognizable X-ray
patterns (other than that of Ca(0H)2). Conse-
quently, these studies indicate the character of

the ultimate hydration products but do not tell

us much concerning the nature of these materials

during their early stages of formation.

This work, like that relating to the calcium

aluminates and ferrites, is properly the subject of

another paper being given at this symposium and
will not be considered in detail in the present

discussion. Suffice it to say here that the hy-

dration product of both C3S and C2S at ordinary

temperature is generally considered to be a poorly

crystallized, extremely fine-grained material re-

sembling the mineral tobermorite.' It is essentially

the material designated as CSH(I) by Taylor [46]

and as CSH(B) by Bogue [47], perhaps mixed
also with CSH(II) (Taylor) or C2SH2 (Bogue).

There is evidence that this tobermorite-like cal-

cium silicate hydrate is also produced in hydrating
Portland cement paste [15].

It has been mentioned previously in connection

with the hydration of the calcium aluminates and
aluminoferrites that portland cement reacts very
rapidly with water when mixed to form a paste.

The same is true for C3S, but the reaction of C2S is

much slower. The concentration of lime quickly

reaches saturation and continues to increase to

give a metastable supersaturated solution. This
calcium hydroxide probably comes mainly from
the C3S, since pure C3S behaves similarly. How-
ever, the silica in solution is very low at 1 min,
which is about the earliest time after mixing at

which it has been possible to make measurements.
Since the rapid release of calcium hydroxide into

the solution is evidence of a considerable early

reaction, the question naturally arises as to the

form of the silica or calcium silicate which is

formed.
It was mentioned previously in connection with

the hydration of the alumina-bearing compounds,
that although the concentrations of alumina and
silica are always found to be very low at 1 min and
longer after mixing, there is some reason to believe

that they may reach much higher values within
the first minute. Whether the silica concentration
is initially high would seem to be of great impor-
tance, not only with respect to the nature of the
very early hydration products of the calcium
silicates but also as it relates to the mechanism
of hydration. By the latter is meant the more or
less traditional dissolution and precipitation theory,
versus the topochemical or solid-state reaction
theory of hydration. I should like to discuss
these questions in some fiirther detail.

Nature of Early Calcium Silicate Hydrate

The similarity between the hydration of pure
C3S and of fully retarded portland cements
strongly suggests that the setting phenomenon in

cement is produced mainly by the products of the
hydration of the C3S. This has been well stated
by Steinour [13]. However, while there is evi-

dence of almost instantaneous reaction of C3S
with water with formation of a supersaturated
solution of calcium hydroxide, yet no structure
begins to develop until the time of initial set.

These facts strengthen the view that the
calcium silicate hydrate is in a colloidal form
during this period. This concept would seem to

be confirmed by the results of Smimova, Zaitseva,

and Rehbinder [48], indicating that tlxe surface
area increases on the order of tenfold during the
first 30 to 45 min of hydration. Without here
going into the relative merits of the solution-

precipitation theory as against the solid-state

reaction theory, it would be expected, in any
case, that the formation of hydration products on
or near the cement grains would rapidly choke or
quench the initial rapid reaction. This behavior
appears to be the case, although the data on heat
liberation obtained by Forbrich [49] and Lerch
[50] show that this period of reduced rate of reac-

tion is followed by a period of accelerated reaction

prior to initial set. The reason for this delayed
acceleration is not clear but must be related

in some way to the fundamental mechanism of

hydration.

Solid- State Reactions

Cement chemists have proposed from time to

time that hydration is fundamentally a group of

solid-phase reactions. This mechanism was sug-
gested by Hansen [5] in his discussion of Steinour's
paper at the Third Symposium. Hansen has
recently developed his hypothesis in greater detail

[7]. Jeffery [51] also discusses the question of

possible hydration by solid-state reaction.

Hansen's argument is based largely on the fact

that although C3A and C3S appear to react very
rapidly with water and with soluble constituents
such as chlorides and sulfates in solution, only
very small amounts of alumina and silica are
found in the extracts as early as 1 min after

mixing.

Steinoui" [8] shows that there is reason to believe

that the alumina and silica concentrations may
have been much higher during the critical first

minute. If this condition were to be demon-
strated conclusively, then it seems that the solid-

state reaction theory would be rather effectively

refuted for this very early age. This statement
is particularly true of Hansen's hypothesis, since

he assumes diffusion into the solid crystals of the

clinker phases but very ittle outward diffusion

of dissolved constituents into the solution.

In connection with the question of solid-state or,

strictly, in this case, solid-liquid reactions, it

should be noted that Strelkov [3] favors this type
of mechanism. Strelkov, however, visualizes the
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formation of reaction products on the surfaces of

the grains that are highly soluble because of their

poorly ordered structure. These highly soluble

products then dissolve and form supersatm-ated
solutions from which the stable hydration products
of lower solubility precipitate.

Of interest, also, is Strelkov's observation that
when the liquid was extracted under constant
pressure, the concentration of dissolved constitu-

ents increased with time, and also that the concen-
tration increased with pressiire for a given time of

extraction. This behavior led him to conclude
that the liquid phase is more concentrated in the

vicinity of the surface of the hydrating grains than
in the interstices between them. Steinherz and
Welcman [4] also believe that the hydration
processes are topochemical or solid-state reactions

or else take place in the very close proximity of

the clinker grains. They noted that the chemical
composition of the liquid extracted at one minute
was not influenced significantly by the fineness of

the cement.
Van Bemst [22] concluded, from studies of the

hydration of the pure calcium silicates at ordinary
temperatures, that the hydration of C3S first

results in CSH(I) by a process of solution and
precipitation, before the solution becomes satu-
rated with Ca(0H)2. As the concentration of

Ca(0H)2 increases so as to reach saturation or

supersaturation, the higher-lime hydrate CSH(II)
forms directly on the surfaces of the hydrous sili-

cate grains by an unknown mechanism. This latter

behavior certainly resembles a solid-state reaction.

Van Bemst believes that the hydration of /S-CgS

residts in CSH(I), and that the mechanism is

qualitatively the same as that for the formation
of CSH(I) from C3S.
Funk [52] found that water vapor alone at

100 °C can act on /S-CaS to produce a high-lime
tobermorite phase as loose acicular crystals, but
without strength development. An aqueous solu-

tion phase was necessary for hardening to take
place. From this observation he concluded that
some mechanism other than solution and precipi-

tation may be at work dm-ing the reaction of water
and (3-C2S.

A satisfactory decision on the relative im-
portance of solid-phase reactions in the hydration

of cement must await further research. It may
well turn out that both solution-precipitation, and
topochemical reactions are involved, with the
solution-precipitation phenomena predominating
at the very early ages, while the later reaction is

governed primarily by the solid-state type of
mechanism, as suggested by Lea [21, p. 223].
It appears that the evidence is pointing in this

direction.

Protective Coatings

One thing is certain; namely, that adsorption
and surface effects play a major role in the early
reaction process. It seems nearly as certain that
part, at least, of the early formed hydration
product is deposited on or very near the surfaces
of the clinker grains. In the case of grains of C3A
and aluminoferrite, this coating is undoubtedly a
phase similar in composition to the high-sulfate

calcium sulfoaluminate, based on evidence pre-

viously cited. In the case of C3S grains, the
coating is probably a very poorly crystallized

calcium silicate hydrate of coUoidal particle size.

It seems likely that these phases are fairly distinct

and "pure" when they originally form, but that as

hydration progresses they become more and more
intermingled.

It is possible that the coating of calcium sul-

foaluminate which forms on the surfaces of the

alumina phases, as well as the calcium silicate

hydrate which forms on the anhydrous silicate

particles, is initially of a colloidal nature and acts

as a protective film, slowing down the original very
rapid reaction. The concept of protective coat-

ings is, of course, not at all new, but is found in the
early cement literature. In the case of C3A and
the calcium aluminoferrite, the coating does not
prevent reaction but simply controls it, preventing
a rapid hydration of these compounds as long as

gypsum is available to maintain it.

The action of the coating on the C3S grains

needs further study. As previously mentioned, it

appears that the hydration of C3S is initially

rapid, declining subsequently to a relatively low
rate, after which it accelerates again at about the

time of initial set. This behavior suggests that

for some unknown reason the retarding ability of

the coating loses its effectiveness at abo\it this

time.

Fractional Rate Hypothesis

Several years ago research workers at the Port-
land Cement Association reported data which
appeared to indicate rather conclusively that the
compounds or phases of cement do not hydrate
independently or at the same rate as they do when
hydrated individually [53, 54, 55]. From the
results of three different lines of investigation,
these researchers concluded that the cement com-
pounds hydrated at equal fractional rates—that
is, when one compound was one-half hydrated,
each of the other compounds was also one-half
hydrated. Thus, the quantity of any particular

compound which had hydrated at a given time
was believed to be dependent upon the percentage
of that compound present in the cement. This
conclusion was rather surprising, since C3A and
CjS, for example, have greatly differing hydration
rates when hydrated individually.

The experimental results which led the P.C.A.
investigators to formulate the hypothesis of equal

fractional rates were those indicating a constant

ratio between the heat of hydration and the non-

evaporable or combined water, a constant ratio

between surface area and combined water, and
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equal fractional rates of disappearance of the

unhydrated clinker phases as determined by X-
ray diffraction.

Before proceeding further, it should be stated

that the hypothesis was never suggested as apply-

ing to all types of cement, but only to the United
States of America Types I and III and not to

these in the very early stages of hydration. The
hypothesis thus is perhaps not directly pertinent

to the subject of this paper, since we are interested

here mainly in the early reactions. Yet it is of

interest as it illustrates how various approaches

can be used to bear upon a particular problem of

cement chemistry.

The determination of the rates of hydration of

the cement compounds by X-ray diffraction is a

direct method and, granting that sufficient ac-

curacy is possible, it should give valid results.

The constancy of the ratios between the heat of

hydration or specific surface on the one hand, and
the nonevaporable water on the other hand,
constitutes less direct evidence. Although equal

fractional rates of hydration should give constant

ratios of heat of hydration and surface area to

combined water, it appears that the fractional

rates need not be equal to lead to this result.

Thus, we may have fractional rates of hydration
for the different phases which differ markedly
from one another, yet if these fractional rates

bear a constant ratio to one another during
hydration, the gel produced will tend to have a

constant composition, and constant ratios of heat
of hydration and surface area to combined water
wUl be observed. This relationship would hold
until one of the phases had completely reacted.

While more precise results may prove the

fractional rate hypothesis to apply only imper-
fectly to the hydration of cement, still the data
indicate that once a fairly steady state is devel-

oped, the average composition of the reaction

products being formed does not change greatly

with time. In other words, hydration seems to

produce, in general, more and more of the same
kind of gel. This average composition would not
be expected to hold in the very early stages of

hydration, and indeed the data indicate that it

does not. The reactions involving the alumina
phases and gypsum, which are initially very rapid
and later much retarded, appear to be relatively

independent of the others.

Diffusion as a Controlling Process

The tendency toward equal or constant frac-

tional rates of hydration of the cement minerals
suggests that some mechanism is operating which
is able to overcome, to a considerable extent, the
characteristic individual hydration rates. This
hypothesis is compatible with the idea that, fol-

lowing the initial very rapid reactions, the hydra-
tion of cement is controlled by diffusion through
the film or coating of hydration products on the
cement gi'ains. A very interesting discussion of
this matter by zur Strassen has recently been
published [56]. He concludes that as an approxi-
mation, the hydration of tricalcium silicate is

diffusion-controlled, following a square-root law,
while that of dicalcium silicate is linear. In
C3S the reaction takes place so rapidly that the
supply of water is limited. The reaction there-

fore follows the law of diffusion, according to which
the rate of reaction is inversely proportional to the
thickness of the reacting layer. According to

zur Strassen, the retarding effect of the gel film

applies to C3A and C4AF also, but the hydration
of CoS is already so slow that it remains linear for

a considerable length of time, and the controlling

effect of diffusion comes into play only with a
greater thickness of the gel layer.

Taking the experimental data, together with
theoretical considerations, we arrive at a picture

somewhat as follows: The initial reactions are

dominated by the hydration of the aluminate and
ferrite phases and their reactions with gypsum.
The hydration reactions of the clinker minerals are

never truly independent but approach closer to

this situation at the beginning of hydration. As
coatings of reaction products form, there is a
slowing down of the most rapid reactions and a

tendency toward equalization of rates or at least

the establishment of fairly constant fractional rate

ratios between the hydration reactions of the

different clinker phases. The overall average

hydration rate is controlled largely by diffusion

of water through the gelatinous hydration prod-

ucts already formed. With cements unusually

high in C2S, the later hj'^dration is controlled by
the very slow intrinsic hydration rate of this

compound rather than by the diffusion mechanism.

Chemical Nature of Cement Gel

Related to the problem of relative hydration
rates and whether the cement compounds hydrate,

to an appreciable degree, sequentially rather than
simultaneously, is the question of the chemical
constitution of the resulting gelatinous hydration
product. As pointed out by Brunauer [54], the

gel comes from all the constituents of the cement.
Is the gel a very fine-grained physical mixture of

chemically different hydration products, or is it

fairly homogeneous, even down to molecular di-

mensions, so that the ultimate gel particles may
be thought of as being copolymers of the hydrates?

Hydration studies at early ages favor the con-

cept of chemically distinct hydrates, with DTA
curves illustrated earlier in this paper being ex-

amples of such evidence. On the other hand, the

DTA data of Kalousek, Davis, and Schmertz [14],

obtained on older pastes, indicate a merging of the

thermal effects of the different hydrates into one
large composite peak suggestive of a single homog-
eneous substance.
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The fact that properties such as heat of hydra-

tion, surface area, and combined-water content can

be calculated as though they were additive with

respect to the different cement compounds has

been used as an argument in favor of a mixture of

distinct hydration products. Brimauer [54] points

out, however, that even if the gel is a copolymer

Development
The physical mechanism of the development of

structure in a cement paste, corresponding to set-

ting, has been the subject of much debate. The
transition from a mobile or plastic paste to a semi-

rigid mass without plasticity is gradual, but is ob-

vious to any observer. The physical cause of this

stiffening or setting is not so obvious.

A paste of normally retarded cement imme-
diately after mixing is a suspension of discrete ce-

ment particles in water. Powers [57] and Steinour

[58] showed that normally this suspension soon

begins to act as one continuous flocculated mass.

Their bleeding studies showed that in spite of the

rapid chemical reactions which take place on mix-

ing, the bleeding rate is remarkably constant for a

considerable time, indicating no radical change in

the physical state of the cement suspension.

They interpreted this constancy to mean that

the degree of subdivision of the cement was not
altering significantly diu-ing this period. How-
ever, this conclusion is at variance with the results

of Smirnova, Zaitseva, and Rehbinder [48], who
reported that the surface area may increase ten-

fold, reaching a maximum value diu^ing the first

30 to 45 min. It is difficult to reconcile such a
large increase in surface area with a constant
bleeding rate.

Most writers seem to view the stiffening of a

cement paste as being caused by the increasing

volume of hydration products, with a correspond-
ing decrease in distance between particles, until

finally plastic flow is greatly restricted, and co-

hesive forces begin to operate as more and more of

the particles are drawn into contact with one an-
other. This mechanism is essentially the pictm-e
outlined by Lea [21, p. 223] and, in somewhat more
detail, by Jeffery [51]. Hardening then would be
due to an increase in the number of "welds" be-
tween gel particles as hydration proceeds.
A rather different mechanism of cenaent setting

has been proposed by the Russian school of in-

vestigators. This theory, which is based on an
earlier one of A. A. Baikov, is developed, with
some variations, in papers by a number of authors,

including Okorokov [59], Segalova, Rehbinder,
and Luk'yanova [60], Rehbinder [61], Sivertsev

[62], and Strelkov [3]. The process is thought of

as consisting of three distinct phases, which, how-
ever, may overlap in time.

The first is a self-induced dispersion or "col-

loidization" of the cement particles, particularly

of the C3A. This dispersion is followed by the

formation of a coagulated thixotropic structure

of compounds, some additivity would not be sur-
prising. Thus, we may say that the gel probably
becomes progressively more homogeneous with
time of hydration but that the scale of dimension
of this homogeneity is mi certain. Electron mi-
croscopy and electron dift'raction can be expected
to throw additional hght on the physical and
chemical nature of the ultimate gel particles.

of Structure
from the dispersion of cement particles and hy-
dration products, and finally by the development
of a crystalline structure of new hydrated com-
pounds through crystallization out of a super-
saturated solution. The formation of the coagu-
lated structiire corresponds to setting, and the
strengthening of the structure through formation
of crystalline hydrates brings about the later

hardening.
Adsorption plays a prominent part in this

theory, and the effect of hydrophilic retarders
such as calcium lignosulfonate is explained on this

basis. These retarders promote the self-dispersion

of the cement grains, by which is meant a breaking
down into particles of colloidal dimensions and
the stabilization of the resultant suspension, thus
delaying the coagulation phase. The process is

considered to affect the C3A to the greatest degree,
with C3S affected less strongly. It is believed to

operate also in ordinary gypsum-retarded cements
without admixtures. The Russian theory com-
bines features of both the earlier crystallization

and colloidal theories of cement setting and hard-
ening, placing the colloidal phase at an earlier

point in the hydration process than the crystalli-

zation phase. Certain aspects of the theory
harmonize well with the results of other recent
investigations. In particular should be men-
tioned the prominent place given to adsorption
and colloidal phenomena. On the other hand, it

contains features which are difficult to reconcile

with other data.

One of these apparent conflicts is the evidence
for a large increase in surface area of the cement
particles during the early stages of hydration, as

determined by the rate of adsorption of radio-

active calcium-45 [48], and the results of the

bleeding studies of Powers [57] and Steinour [58],

which indicated that the particle size of the cement
did not change significantly.

Also, the Russian theory pictures the setting

as being caused primarily by coagulation of the

dispersed aluminate phases, whereas there is much
other evidence indicating that in the absence of

the abnormal "flash" set or "false" set, the C3S
is mainly responsible for the setting. As men-
tioned previously, pure C3S sets in a manner very
similar to a cement retarded by a sufficient

amount of gypsum. According to Rehbinder [61],

the hydration processes of the silicate com-
ponents contribute to the later hardening and
strength development, but relatively little to the

setting. Additional work is clearh'^ indicated to

help resolve these difficulties.
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There is no question that the surface area of a

cement paste increases tremendously by the time
it has set and hardened. The anomaly pertains

only to the initial period prior to the attainment
of set. To state the question in other words,
"Does the surface area of the hydration products
increase rapidly soon after mixing, as the work of

the Russian investigators indicates, or does it

remain relatively unchanged for a considerable

length of time, as the bleeding data of Powers
and Steinour imply?" In this connection it

should be noted that there may be some loss of

plasticity in a normal cement paste in the period
preceding what is ordinarily called initial set.

Published information on the viscosity or con-

sistency of cement pastes during the early period
of hydration is scanty, however, and somewhat
lacking in agreement, doubtless due to differences

in cements and conditions of test. Dorsch [63]

performed experiments which indicated a rapid
increase in viscosity of cement pastes for the first

hour after mixing, followed by a shorter period
during which it remained unchanged. The vis-

cosity then increased again as setting occurred
until no flow could be obtained.

Kozlowski [64], in a recent discussion, shows a

consistency-time curve for portland cements
which indicates a constant low consistency up to

2 hr, followed by a rather sudden and rapid stiff-

ening, with a leveling off at about 4 hr. The
original low value was restored by vigorous
stirring, after which the paste again stiffened,

attaining initial set at about the seventh hour.
In these tests the consistency was measured with
a penetration rod.

Tests made in our laboratories, using an adapta-
tion of the Halliburton Thickening-Time Tester
for oil-well cements, showed no significant thick-

ening up to 2 hr after mixing for pastes of gypsum-
retarded cements at a water-cement ratio of about
0.40 and a temperature of 80 °F (27 °C). These
results are in agreement with Kozlowski's insofar

as they indicate no appreciable structure forma-
tion in the first 2 hr. However, it must be em-

phasized that the test methods were quite differ-

ent. Our pastes were continuously agitated
during this period, while Kozlowski's were not.

It is probable, too, that more sensitive methods
of measurement would detect changes in con-
sistency at this early age. Further research on
this aspect of early hydration should prove
fruitful.

A widely held view concerning the development
of strength and rigidity in a hydrating portland
cement paste is that these properties are probably
due to a combination of physical forces often
known as van der Waal's forces and chemical-bond
forces [54, 55]. Another view emphasizes the
idea that the rigidity is derived from the interlock-

ing and intertwining of very minute fibrous

crystals [65].

These two concepts are not necessarily in

opposition. It is very likely that all of these
factors enter into the hardening process. An
experiment recently described by Czernin [66]

demonstrates in an almost spectacular way the
magnitude of the physical or van der Waal's
forces when the surface area of a material be-
comes very great. Czernin ground 100 g of quartz
sand to a Blaine surface area of 20,000 cm^/g
and molded this powder with 20 g of water.
A specimen formed from this paste was able to

support a weight of 10 kg. A nearly completely
hydrated cement paste has been shown to contain
about 20 percent of combined water and to have
a surface area of the order of 2,000,000 cmVg-
Consequently the high strength obtained by
cement in time is not at all surprising.

Hayden [67] presents data which indicate

that no more than 0.5 percent of water of hy-
dration may be required to bring about final

set. Czernin points out that even 0.5 percent
of fixed water may be equivalent to 50,000 cm^/g
of surface area when one considers that 20 percent
of combined water produces 2,000,000 cm^g of

surface area. From this it appears that physical

forces related to surface area may contribute

significantly to the setting phenomenon.

Conclusion

In summary, we conclude that our knowledge
of the hydrated calcium aluminates and ferrites

and of the calcium silicates has been materially
increased in the last 8 years but that there are
still many unanswered questions regarding the
details of the hydration of actual portland cement
at ordinary temperature. We find the evidence
indicating that the initial reactions of hydration
are extremely rapid and are dominated by the
hydration of the aluminate and ferrite phases
and their reactions with gypsum. The C3S
reacts rapidly with water also, and although
there is a strong suggestion that the initial setting
or development of structure is due primarily
to the C3S, this phenomenon normally does not
begin for several hours.

We find considerable evidence that the clinker

minerals exert a significant influence on one
another during their hydration. They never
hydrate in a truly independent manner but
approach closely to this situation at the very

beginning of hydration. Early reaction products

probably form coatings on the cement grains,

thereby slowing down the most rapid reactions

and tending to produce an equalization of rates

or the establishment of relatively constant

fractional rate ratios between the hydration

reactions of the different clinker phases. It

appears that the overall average hydration rate

is controlled largely by diffusion of water through

the gelatinous hydration products already formed.
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The evidence is conflicting as to whether the
early hydration reactions are basically the result

of solution and precipitation or whether they are

more properly described as topochemical or
solid-state reactions. It appears likely that the
very earliest reactions take place by solution and
precipitation, while the later hydration is diffusion-

controlled and approaches the solid-phase type
of process.

Most researchers agree that the setting or

development of structure in a hydrating cement
paste is intimately connected with adsorption
and the operation of surface forces. The relative

importance of physical and chemical forces is

not yet clear. There is also some difference of

opinion regarding the details of the chemical
and physical changes involved in the process of
setting. In the author's opinion the setting
process is a field where we may expect to see
some of the most significant developments in

the future.

Research on cement hydration in the next few
years will undoubtedly give us the answers to
many of the questions now facing us, and some
of the differences of opinion will be resolved.
As our knowledge progresses we may expect new
questions to arise and new differences to develop,
but after all is said and done, is not this inevitable
and even to be desired if our progress is to be
real?
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Discussion

W. C. Hansen

The autlior refers to tlae work of Czernin witli

quartz powder witti a surface area of 20,000 cm^/g
as demonstrating thie manner in which physical
forces might contribute to the strengths of

hardened cement pastes. In light of recent work
on freshly formed surfaces of silica, there may be
some question as to whether or not the strength
obtained from a specimen of powdered quartz and
water is primarily the result of physical forces.

Benson and Castle,^ in a review of the litera-

ture and from their own work, show that freshly

formed surfaces of silica undergo chemical re-

actions with various materials. Van Lier, de
1 R. E. Benson and J. E. Castle, Reactions on freshly formed surfaces of

sUica, J. Phys. Chem., 62, 840-843 (1958),
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Bruyn, and Overbeek ^ studied the solubility in

water and solutions of NaOH of powdered quartz
before and after treatment with a solution of HF.
The untreated powder had an erratic and much
higher rate of solution than did the treated powder.
They concluded that the surfaces of the particles

of the former probably had a combination of

cracks, dislocations, and protruding edges that

gave this powder an abnormally high rate of

solution. The depth of this disturbed layer on
the surfaces of the particles was estimated to be
approximately 300 A. The acid-treated quartz
had a solubility at 25 °C of 1.8X10-* moles/kg.

This work with silica and other powders sug-

gests that disturbed surfaces on particles of port-

land cement might have pronounced effects during
the early reactions of cement with water. It

seems that this might be a profitable area for

research by those working on cement.

Discussion

Elmer T. Carlson

Dr. Greene made mention of certain complex
hydrated compounds generally referred to as

silicoaluminates. In the following, I shall not
comment on the compound C2ASHg, often called

Stratling's compound or hydrated gehlenite, the
existence of which is now well established. My
remarks will be confined to the two silicoalumi-

nates, C4ASH12 and C6AS3H3o_32, reported by
Flint and Wells [1],^ which were considered to

be analogous to the well-known sulfoaluminates.

These have already been briefly commented on
by zur Strassen and Schmitt [2] in their discussion

of an earlier paper in this symposium. It was
pointed out in the latter discussion that Dorr [3]

at one time believed that he had successfully

prepared C4ASH]2, but that his later experiments
failed to confirm this conclusion. The other com-
pound, C6AS3H3o_32, recently has been reported
by Mohri [4] but from his petrographic and X-ray

2 J. A. van Lier, P. L. de Bruyn and J. Th. G. Overbeek, The solubility
of quartz, unpublished paper from the Department of Metallurgy, Massa-
chusetts Institute of Technology, submitted to the Journal of Physical
Chemistry.

3 Figures in brackets indicate the literature references at the end of this

paper.

data it appears unlikely that he actually had the
same compound as that described by FHnt and
Wells.

Over a period of several years, numerous at-
tempts have been made in our laboratories to
repeat the preparation of C4ASH,2, both by closely
following the procedures of Flint and Wells and
by systematically varying the proportions of the
reactants ever a wide range. In all cases, con-
firmation 1 as been lacking. Data relative to a
few typical experiments are given in table 1.

It may be seen that in each case, after stor-
age of the reaction mixtures at room tempera-
ture for 2 months, the predominant phase was
CzASHg ("gehlenite hydrate") with lesser amounts
of C4AH13 and other phases. Identification was
based on X-ray diffraction patterns. The experi-
ments listed in the table are comparable to three
of the experiments tabulated by Flint and Wells
[1] in their report of the preparation of C4ASH12.
A large number of similar reaction mixtures

have been prepared and studied. It is significant

that in most of the experiments, the precipitate
was seen, by microscopic examination, to consist
of two types of material; one apparently a gel

(similar to CSH), the other consisting of platy
crystals. Occasionally, after some weeks, C3AH8
was also observed. Products that appeared to be
homogeneous were obtained only if the initial con-
centration of AI2O3 was less than a rather low, not
precisely determined value. In such cases, the
precipitate was of the gel type.

In view of this failure to duplicate the prepara-

tion of C4ASII12, it was decided to reexamine the
data of Flint and Wells, to see whether they might
permit a different interpretation from that given
by the authors. The proposed formula for the
silicoaluminate was based on chemical analysis,

which was undoubtedly accurate, but necessarily

based on the assumption of a homogeneous precip-

itate. The assumption of homogeneity was based
on microscopic evidence, which is subject to some
uncertainty because of the extreme minuteness of

the crystals and their tendency to agglomerate.
The refractive indices reported for the proposed
silicoaluminate, 1.538 and 1.523, are well within

the range of values reported for C4AH13 by various

Table 1. Precipitation from aqueous CaO-Al203-Si02 mixtures during two months
storage at room temperature

Experiment number

Initial volume, ml..
(CaO, g

Weight of oxides present -{AhOs, g
lsi02, g

(CaO, g/1

Final concentration of solution ! AI2O3, g/

lSi02, el

Molar ratio in ppt, C:A;S

Solid phases present (from X-ray patterns)

460
0. 813

. 165

.080

1.082
0.004
.001

3.0:1:1.0

C2ASH8
C4AH,3
C3AH6 (little)

350
0. 460
.082
.080

.740

.007

.001

3 9:1:2.0

C2ASH8
C1AH13
CSH (probable)

300
0.661
.070

1.126
0.004
.002

6.9:1:1.8

CjASHs
CiAHi3
CH
CSH (probable)
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investigators. Flint and Wells stated that the

X-ray diffraction pattern of the silicoaluminate

was very similar to that of C4AH13. In this con-

nection it should be borne in mind that the X-ray
equipment and techniques in use at that time were

less advanced than those of the present day. In

particular, the patterns failed to register the low-

angle reflections which later have been found most
useful in distinguishing between various calcium

aluminate hydrates. Unfortunately, the X-ray
films for the specific preparations for which data

were pubHshed by Flint and Wells apparently

have been lost. Others made during the same
period by the same authors, and believed to be

essentially duplicates, are, however, still on file.

On reexamination, it is found that all the lines

may reasonably be ascribed either to C2ASH8, to

C4AH13, or to calcium hydroxide. Thus, the evi-

dence for the presence of C4ASH12 appears rather

doubtful, and its existence remains unconfirmed.

This is in full agreement with the recent conclu-

sions of Dorr, as reported here by zur Strassen

and Schmitt [2].

The other sUicoaluminate reported by Flint and
Wells, C6AS3H30-32, is a different matter. A few
of the original reaction mixtures are still in exist-

ence, and the needle-shaped crystals of the sup-

posed silicoaluminate, closely resembling ettrin-

gite, are conspicuously present. Unfortunately,

they have not yet been successfully separated from
the mass of gel-like material with which they are

entangled. Inasmuch as this compound was dis-

cussed in a recent paper' by Carlson and Berman
[5], it is unnecessary to go into the details at this

time. It may be noted, however, that large

amounts of combined carbon dioxide were shown
to be present in the precipitates, leading to the

conclusion that the supposed C6AS3H30-32 probably
contains CO2 in partial substitution for Si02.
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Discussion

T. C. Powers

Referring to Dr. Greene's excellent review, I

should like to comment on the apparent conflict

between conclusions drawn from some of our
studies and the conclusions of Professor Reh-
binder and his collaborators, mentioned in Dr.
Greene's paper. Reference was made to the
fact that our studies of the rate of bleeding

(rate of sedimentation in a thick suspension)
indicated that the size, shape, and number of
cement particles are not altered appreciably by
the reactions occurring within the first hour or
so after contact with water. In connection with
this conclusion, Dr. Greene pointed out that
Professor Rehbinder and his collaborators re-

ported that the surface area may increase tenfold
before and during the period while bleeding is

going on, and that this observation formed a part
of the basis of the theory of cement hydration
put forward by scientists in the Soviet Union.

In my opinion, there is no conflict between the
large increase in specific surface area reported by
the Soviet scientists and the deduction from our
bleeding tests that the size, shape, and number of
cement particles during the first hour or so is

about the same as before the initial reactions
occurred. Two different methods of observation
are involved, from each of which a value for sur-
face area can be calculated, but the results pertain
to different aspects of the system.

Direct observation shows that after the initial

reaction with water, the cement grains have be-
come coated with a very thin layer of gel.^' ^ It

is obvious that during the period of bleeding the
water flows over the surface of the coating and
not through it. Since the coating is thin, relative

to the diameter of the grain, it is not surprising

that the specific surface area calculated from rate

of bleeding is practically the same as that calcu-

lated from the rate of sedimentation in a nonre-
active fluid. Since the presence of the coating has
practically no effect, the structure of the coating
is likewise of no importance with respect to the

results of this method of observation. The calcu-

lation of surface area is based on the magnitude
of the viscous drag of the particles, and viscous

drag depends on the over-all dimensions of the

individual particles, including their coatings, and
on the concentration of the particles.

On the other hand, the Soviet Union scientists

estimated surface area from the interaction be-

tween the solid phases in the system and certain

ions in the aqueous solution in contact with the

solids. Such a method, or a method based on the

interaction of the dry solid with individual atoms
of water vapor, depends almost entirely on the

composition of the coating on the cement grains.

Various methods of observation, including the

electron microscope, reveal that the coating is

composed of particles of the same order of size

as those composing the cement gel produced by
later stages of the cement reaction, which mearis

that the specific surface area of these particles is

ca. 200 mVg. Therefore, the presence of a small

amount of gel coating on the grains is revealed

by a large area available to water vapor when the

specimen is dry, or to ions when the specimen is

in contact with an aqueous solution.

1 W. Czernin, A few unsolved problems of cement hydration, this Sym-
posium, paper V-S3.

2 L. E. Copeland and Edith G. Sehulz, Discussion of The microstructure

of hardened paste, this Symposium, paper V-2.
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Let us consider, for example, a cement having
a specific surface area of 3,000 cm^/g as indicated

by viscous drag in water. If 1 percent of the

cement has become reacted in forming the coating

on the grains, and if the specific surface area of

the particles composing the coating is 200 m^/g by
dry weight, the specific surface area as measured
by water vapor adsorption would be 24,600 cmVg-
Thus, the measurement based on adsorption would
indicate about eight times as much surface area

per gram of cement as would the measurement
based on viscous drag. A calculation based on ion

exchange should indicate about the same ratio.

From such considerations as those above, it is

not clear why our friends in the Soviet Union
choose to explain the increase in surface area oc-

curring during the initial stages of reaction by
supposing that the cement grains become shat-

tered and dispersed by the physical action of

water, and that the new surface area is due to

such a breakup of cement grains.

Discussion

A. J. Gaskin

The fact that early reactions in cement pastes

may be strongly influenced by adsorption and
surface effects is well substantiated. Selective

adsorption of ions from the solution phase, and
the formation of solid coatings of precipitated

reaction products are typical factors determining
consistency and setting time.

It may be of interest to mention the influence

of another type of surface effect in this connection,

i.e., the adsorption of gases by cements in the dry
state.

Some of the results of CO2 and water-vapor
adsorption have been discussed in the literature

on false set, but there seems to be no record of the

effects of adsorption of acid gases such as sulfur

dioxide.

It has been noted in the com-se of our work on
false set that adsorption of SO2 by cements can be
very rapid and extensive, some cements taking

up as much as 0.1 percent by weight of this gas in

a period of a few minutes.
The results of SO2 adsorption have been some-

what unexpected, in that the very small amounts
present in relation to the total sulfate content of

the cements have been very effective in retarding
certain early reactions.

The least surprising effect found has been the

eUmination of air-setting tendencies for short

periods of storage in a humid atmosphere. This
was shown by compacting treated and control

cements into blocks and storing these in a damp
enclosure on concrete slabs at ground level. The
control blocks gained considerable strength over
a period of 2 weeks, but the S02-treated test pieces

remained friable and weak.
The extension of the times for initial and final

set which can be brought about by SO2 treatment

of some cements has been less understandable.
With some cements, no great changes could be
induced by exposure to SO2, but with others, not
greatly different in composition, the adsorption
of 0.1 percent of SO2 by weight caused great delays
in setting and hardening. Final set was less

affected than initial set, but even so could be ex-
tended to twice the normal time. Initial set
times could be trebled when sensitive cements
were treated with SO2 especially in the presence
of water vapor, when more of the gas is taken up.

Strengths at 3 days were reduced by as much as
10 percent by SO2 treatments, but 7-day strengths
were normal, and one treated cement showed an
appreciable gain in strength at 28 days.
The effects of SO2 on cements are of theoretical

rather than practical interest, as it is unlikely that
sufficient exposure to the gas will occiu- under
normal manufacturing conditions to become
significant. Perhaps the only source of SO2
generally encountered would be the sulfides

present in some clinkers. A little sulfide is com-
mon in rotary kiln products, and greater quan-
tities appear in some shaft kiln clinkers. Oxida-
tion of siflfide to SO2 and immediate transfer of

this gas to cement particle surfaces could con-
ceivably occur during cement milling. The inter-

grinding of Portland cement and slag products
could similarly result in SO2 production from
sulfide impurities in the slags, and subsequent
adsorption of the gas on the cement.

It is of interest to note that SO2 in the adsorbed
state does not persist long in a form which can be
leached off the cement and estimated as siflfite.

The surface components of cement particles ap-
pear to catalyze the oxidation of the gas, or any
calcium sulfite produced, and only soluble sulfate

can be determined after aeration of the cement.
The specific effects of the SO2 treatment still

persist after aeration. Certain other acid gases

have essentially similar effects, particularly SO3
and acetic anhydride.

Acetic acid vapor has been reported to be a
useful agent in promoting free flow of cement
powder, and in reducing "air-setting" effects.

Acetic anhydride is a particularly potent and
convenient material which may be used to gain
the same results. It is easy to introduce, as spray
or vapor, into a cement mill, and is more evenly
taken up by cement particles. Apparently it is

first adsorbed in a physico-chemical sense, then
fixed by cement particle surfaces capable of

catalyzing the hydration of the compound and
supplying the water required to give the acid,

then calcium acetate.

A side-effect of acetic anhydride additions to

ball mills is the intense ball-cleaning action

produced. A "coated" mill may be cleaned
within a very short period by introduction of about

0.05 percent-0.1 percent of the anhydride in

vapor form. Continued introduction of this

amoimt of the agent results in the production of

cement with depressed 3-day strength.
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Discussion

S. A. Greenberg and V. S. Mehra

Dr. Greene makes reference to the compositions

of the aqueous phases in contact with portland

cements. Recent work in this laboratory makes
it possible to explain quantitatively the factors

that control the compositions.

Le Chatelier [1] in the last century proposed

that Portland cement hydrated by solution re-

actions and precipitation of the products from
solutions. A discussion of the mechanism of

hydration of C3S is given in a symposium paper
by Brunauer and Greenberg [2] . Recently Budxdkov
and Kravchenko [3] reported an experimental

investigation of the mechanism of hydration of

C3A. Similarly CaS04-}2H20 has been shown by
Ketelaar and Heijmann [4] to hydrate in two
steps: (1) solution of sulfate and (2) crystalliza-

tion of gypsum from solution. Steinour [5J
has

proposed that after portland cement comes in

contact with water the silicate and aluminate

products immediately precipitate so that very

little silicon or aluminum remain in solution. In

this discussion the solution properties of C3S,

C3A, and calcium sulfates will be emphasized
because these are the most important solution

processes in the initial stages of hydration.

It is important to our knowledge of the mech-
anism by which portland cement hydrates to

know whether the aqueous solutions in contact

with Portland cements are saturated, supersat-

urated, or unsaturated with respect to products

of hydration. This information may be obtained

by evaluating the activity solubihty products
from a knowledge of the compositions of the solu-

tions and the Debye-Hiickel [6] equations for calcu-

lating activity coefficients. The compositions

of some solutions were determined experimentally

in this laboratory, but most of the data were taken
from the literature. It cannot be assumed that

the ion products one obtains for the different

species in cement solutions represent equilibrium
states. The ion products in the hydrating systems,
therefore, were compared with the solubility prod-
ucts for pure systems under equilibrium condi-

tions. In this manner it was possible to deter-

mine the degree of saturation of each species. An
overall picture of the reactions is given in table 1.

The principal active components of the clinker

in the initial stages are C3S and C3A. Gypsum

plus the hemihydrate, and the alkali sulfates,

dissolve immediately. (Dehydrated forms of

calcium sulfate are formed during the grinding
operations.) The sulfate species react rapidly
with C3A to form sulfoaluminate. Most alkali

in cement is present as alkali sulfates; however,
alkali is found also to be present in soHd solution

in some of the phases.

In the solutions there may be found immediately
after mixing cement and water the following

species: Ca"*""*", OH", monosilicic acid H4Si04 and
its ions, aluminic acid H3AIO3 and its ions, S04~~,
K+, and Na+.
According to recent work, the hydrated calcium

silicates exhibit variable compositions [2]. Greene
reports that in the early stages of hydration the
high sulfate sulfoaluminate is found. According
to Greene, 4CaO-Al203-13H20 forms from C3A
in the absence of gypsum. Crystalline calcium
hydroxide is usually present in the early stages.

Equilibrium Solubility Products

Calcium Hydroxide

The activity solubility product for calcium
hydroxide, evaluated in recent work by Green-
berg and Copeland [9], is

(1)

where a refers to the activity of each species. The
activity of each ion, aj, is equal to the product of

the concentration d in moles/liter and the activity

coefficient /<. The concentration of each species

is known from solubility data. The activity

coefficients were calculated by means of the Debye-
Hiickel equation

(2)

where A and B are constants, di is the diameter
of the ion, Zj is the valence of the ion, and 11 is the

ionic strength. It is apparent that the activity

coefficient ft may be evaluated if the ionic strength

of the solution is known.
The value of Kjpj for calcium hydroxide is

9.1 XIO-*^ (pK 5.04, where pK=-log K) at 25 °C-

It is well known, however, that supersaturated
solutions of calcium hydroxide will be stable for

relatively long periods of time [10].

Table 1. Reactions at early stages

Early reactants of
Portland cement

Solution Products

C3S
C3A
CaS04HH20,CaS04-2H20
Na2S04,K2S04
Ca0,Na20,K20

^CaH,OH-
H4SiO,,H3SiO-,H2SiO

,

Ih3A103,H2A10-,HA107

S0--

J K+,Na+

13CaO-2Si02-3H20
3CaO-Al203-3CaS04-31H20
UcaO-Al203-13H20
Ca(0H)2
JCaS04-2H20
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Gypsum—CaSO4 2H2O

The Ksp2 for gypsum,

Ksp2=aca++«8o^- (3)

was found to be 4.43 XIQ-^ (pK 4.35) at 25 °C
from solubility data [11] (2.06 g CaSO4/1000 g
H2O) and an evaluation of the activity coefficient.

Latimer [12] previously estimated the value to be

2.5X10"^ from thermodynamic data. The first

value will be used since it is based primarily on
experimental data.

Hydrated Calcium Silicate

The solubihty product of a hydrate prepared
from calcium oxide, silica and water at tempera-
tures below 100 °C

Ksp3= Oca++<^H28I04~~ (4)

was evaluated [2, 13] to be 10"^ (pK 7.0) at 25 °C.

However, the K^p^ in hydrating CaS-water mixtures

exhibited values of 10~^ * (pK 6.8). It is beheved
that the latter value is for the quasi-equilibrium

existing in these systems. It may be proposed
that the CsS-water systems are slightly super-

saturated with respect to calcium silicate. Per-
haps, on the other hand, the thin crystals of

hydrate formed in the CsS-water mixtures are a
little more soluble than the crystals prepared from
calcium oxide, sihca, and water, which exhibit a

lower solubihty.

Hydrated Calcium Aluminates

The nature of the aluminic acid in solution is

not known. Usually we assume that aluminmn
oxides exhibit an octahedral structure, AlOg. For
the sake of convenience in this discussion, alumi-
nic acid is given the arbitrary formula H3AIO3.
The ions H2A103"' and HAlOa"" are formed from
this acid. The acidity constants for aluminic
acid, 2)Ki=9.3 and pK2=11.9, have been evalu-
ated in this laboratory.
Table 2 gives solubility data for hydrated

calcium aluminates as obtained by Wells, Clarke,
and McMurdie [14]. For both types of hydrates,
the aluminum concentrations are roughly in-

versely proportional to the calcimn ion concen-
trations. Instead of attempting determinations
of accurate solubility products, it was decided to

investigate the constancy of the following ion

products suggested by the experimental relation-

ships.

KsP4= <^Ca++C^HAIO 3 (5)

K5p^= aca++aH2Alo3"" (6)

When all the aluminum in solution is assigned
to each of the two anions, these equations give

Table 2. Solubilities in system, CaO-Al203-H20 at 21 °0

(Wells, Clarke, McMurdie [14])

Concentrations
moles/11terXlO^

Solid phase in equilibrium

AI2O3 CaO

1. 37 3. 38 Stable isometric, C3A aq 5.42 7.86
1^28 3^70 Stable isometric, C3A aq 5.42 7.90
0. 881 3.96 Stable isometric, C3A aq 5. 55 8. 19
.392 4. 55 Stable isometric, C3A aq 6.87 8.86

1. 43 9.65 Metastable hexagonal cal. alum. 5. 12 7. 52
0.94 10.4 Metastable hexagonal cal. alum. 5.29 7.87
.656 12.4 Metastable hexagonal cal. alum. 5. 41 8. 14

.412 13.0 Metastable hexagonal cal. alum. 5.61 8. 53

.274 14.5 Metastable hexagonal cal. alum. 5. 75 8.85

» K,p^=ac«++aHAi03'".

2
K',p^= aCa++aHjAI03 .

the Ksp^ and Kjp^ values shown in table 2. It

will be seen that the values for pKjp^ are somewhat
more constant than those for ^>Kjp^. On the basis

of the approximate constancy of Kjp^, this product

wni be used as an empirical guide in lieu of an
accurate solubility product. Owing to its sim-

plified nature, it increases somewhat with increase

in the calcium hydroxide content of the solution.

Hydrated Sulfoaluminates

Because the solubility product of a complex
sulfoaluminate might be difficult to determine, for

the sake of convenience K^p^ was used as an index

of the solubility. Table 3 lists the results of

studies of the solubilities of the high sulfoalumi-

nate phases by Jones [15, 16] and Takemoto and
Suzuki [17]. Table 3 gives the concentrations in

moles/liter of calciiun, sulfate, aluminum, alkali

(K+Na), and hydroxyl ions. The solid phases

coexisting with the solutions are listed next. In
the final columns, pKsw pKjpj, and pKjp^ are

given.

In table 3 it may be noted that the pK^svi values

are relatively constant in the presence of alkali,

and average 7.37. There is an indication from
the earlier work of Jones [15] (rows 1 and 2, table

3) that the K^p^ values are about ten times larger

in the absence of alkali. No satisfactory explana-

tion could be found for so great a difference.

In mixtm-es of the high sulfoaluminate, calcium

hydroxide, and g3TDsum, the pK^p^ and pKsv2

values for the latter two compoimds may be seen

in table 3 to satisfy approximately the equilibrium

conditions. In the presence of the relatively

insoluble high sulfoaluminate the compositions

of the solutions are fixed only by the solubilities

of the calcium hydroxide and gypsum. This could

be verified by comparing the data of Takemoto
and Suzuki [17] with those of Hansen and Pressler

[18] whose residts are discussed in the next section.

Mixtures of Gypsum, Calcium Hydroxide, and Alkali

Hydroxides

A very interesting set of data on the eqmlibriiun

solubilities of these mixtm-es was reported by
Hansen and Pressler [18]. In table 4 the experi-
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Table 3. System CaO-Al203-CaS04-H20 and alkalies (25 °C)

Reference

15

16

16

17
17

17

17
17

17
17
17

17

Concentrations, moles/liter x ICP

CaO

31.6

16.45

0.293

18.6
18.7
14.9
15.2
15.1
15.1
4.3
2.0
1.9

SO3

12.3

0. 18

66.0

0. 656

30.1
36.4
71.6
81.4
118
132
0
0
0

AI2O3 2(K+Na) 2(0H)

0. 06

.01

.02

.065

.02

.03

.02

.03

.03

.03

.05

.03

.15

42.8
47.2
94.7
108.6
146.3
159.3
42.

1

97.7
146.2

19.3

18.9

39.5

91.1

28.6
30.0
39.0
40.7
45.6
47.6
48.2
96.7
147

CoexlstiDg solid phases

C3A-3CaS04aq-
Gypsum
Ca(0H)2
Ca(0H)2
C3A-3CaS04aq.
C3AH6
CsA-SCaSOiaq.
Gypsum
Ca(0H)2
C3A-3CaS04aq.
Ca(0H)2 -
C3AH6

Gypsum
C3A-3CaS04aq-
Ca(0H)2

Ca(0H)2
C3A-3CaS04aq_
C3AHe

5.03

5.09

4.82

4.97
4.94
4.92
4.90
4. 87
4.87
5. 07
4.98
4.74

4.28

4.24
4. 19

4. 14
4. 12
4. 05
4. 02

6. 29»

6. 16»

7. 34

7.49

7. 12

6. 98
7.40
7. 25
7.34
7.37
7.27
8.06
7.52

Average (excluding first two values) 7. 37

» Values for alkali-free solution.

mental data and the pK^p, and pJ^sp^ values for

Calcium hydroxide and gypsum are listed. The
values may be seen to be approximately the same
as the equilibrium values of 5.04 and 4.35 for

calcium hydroxide and gypsum, respectively.

Table 4.

—

Solubilities at SO °C of calcium hydroxide and
gypsum in dilute alkali solution.

(Hansen and Pressler [18])

Concentrations, moles/liter

Coexisting
solid phases

CaO SO3 OH K20+Na20

0. 0298 0. 0141 0. 0419 0. 0063 4. 97 4.29
.0256 .0191 .0529 .0199 4. 87 4. 27
.0228 .0223 .0523 .0266 4.93 4. 26
.0226 .0219 . 0514 .0250 CaS04-2H20 4.93 4. 27
.0214 .0253 .0524 .0301 and 4.95 4. 23
.0198 .0303 .0602 .0406 Ca(0a)2 4.90 4.23
.0185 .0373 .0618 .0497 in each case. 4.94 4. 21
.0184 .0396 .0698 .0661 4.84 4. 20
.0180 .0425 .0711 .0599 4.86 4.20
.0174 .0544 .0771 .0766 4.84 4. 16

Portland Cement-Water Mixtures
Many investigations [17, 19-22] have been con-

ducted of the compositions of the aqueous phases
in contact with hydrating portland cement pastes
of normal w/c ratios. In order to substantiate
the reported data, a few experiments were per-
formed in this laboratory on Type I cements.
Several problems exist in such study and will be
briefly discussed initially.

Two methods for separating the aqueous phase
from the solids have been employed: (1) centrifu-
gation and (2) pressure filtration. For various
reasons the second procedure was adopted in this

laboratory.

The methods used for the analyses of calcium,
silicic acid, aluminic acid, sulfate, alkalies, and
pH have not been clearly presented in many
studies reported in the literature [20]. In the
study conducted in this laboratory, standard
methods are being followed. Calcium is deter-
mined by titration with versene [24]. The molyb-
denum blue method for silicic acid [25] is suitable

for small concentrations of silicic acid. For the
determination of aluminum, the photometric pro-
cedure with 8-hydroxyquinoline is followed [26,

27]. The pH values are measured with the glass

and calomel electrodes.

Tables 5-7 summarize the results of several

studies of the composition of the aqueous phases
in contact with portland cements. Table 5 lists

the data for clinkers alone. In table 6 the results

for clinkers plus calcium sulfates are given. In
table 7 may be found the data for mixtures of

clinkers and several additives excluding calcium
sulfates. In the tables the following data are

listed in order: (1) time of hydration, (2) pH,
(3)- (8) the concentrations of hydroxyl, sulfate,

calcium, sodium plus potassium, aluminum, and
silicon; in the last four columns are the p^spi,

pK,p^, pK,p^, and pK^pi values.

In the sections which follow, the compositions
of the aqueous phases as a function of time are

discussed with respect to the equilibrium solubili-

ties of each sohd species.

Calcium Hydroxide

In most cases the pKsp^ values may be seen to

be less than the equilibrium 5.04 value immediately
after cement is mixed with water. These solu-

tions continue to remain supersaturated there-

after.

Aeration of the clinker alone for 24 hours before

mixing it with water causes the solutions to become
unsaturated with respect to calcium hydroxide
(table 5). Similar results (table 6) are found on
the aeration of portland cement containinggypsum .

The aqueous phases in contact with ground
clinker to which hemihydrate was added may be
seen in table 6 to exhibit slightly unsaturated
solutions.

The addition of alkali carbonates to cement [17]

(table 7) does not appreciably affect the pKjpj

values. It is interesting to observe that additions

of small amounts of calcium chloride and sucrose
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to clinkers do not reduce the degree of super-

saturation of the solutions compared to normal
cement solutions.

The ratio of concentrations of calcium to twice

the hydroxyl ion concentration, (Ca+''")/2(0H~),

is affected by two factors. First is the amount
of alkali present in the clinker and second is the

addition of calcium sulfates to the clinker. In-

creased amounts of alkali decrease this ratio (see

tables 5, 6, and 7 for data). The addition of

calcium sulfates to clinker increases the above
ratio appreciably. This can be best seen from the

comparison of the results on the same clinkers in

tables 5 and 6.

Gypsum—CaS04 2H20

It may be observed in table 6 that the pKjpj

values are initially less than the equilibrium value
and constantly increase with time. Thus for

the most of the early hydration time the solution

after initial supersaturation is close to saturation.

The solutions become supersaturated in the initial

stages because of the presence of the calcium sul-

fate hemihydrate and, secondarily, alkali sulfates.

Aqueous phases in contact with clinker alone

exhibit unsaturated solutions, as shown in table 5

by the pKj^^ values, which are much greater than

the saturation value. In table 7 it can be seen
that the addition of calcium chloride and sucrose
to clinker produces the same results as with clinker

alone.

Calcium Silicates

The pKjpj values should be about 6.8-7.0 under

equilibrium conditions. It is apparent from the

results that within experimental error the pKjp,

values for aqueous solutions in contact with
cements and clinker (tables 5-7) indicate that the

solutions are essentially saturated with calcium

silicate. The addition of calcium chloride or

sucrose to ground clinker does not appreciably

change this situation. Aeration (tables 5, 6) does
not cause any noticeable difl'erence in K^^^ values.

Calcium Aluminates

The equilibrium p'K.sp^ value of 7.37 for calcium

aluminate when calcium sulfoaluminate is present

was used as an indication of the equilibrium sol-

ubility. For cement aqueous solutions the values

were slightly lower, showing supersaturation.

Several reasons may be offered for this behavior.

Perhaps supersaturation exists because C3A dis-

solves more rapidly (to give a supersaturated

solution) than the rate at which the sulfoaluminate

precipitates from solution. Another reason may
be that hydrated calcium aluminates are present

which exhibit a higher solubility than the high

sulfate sulfoaluminate.

Table 5. Compositions of aqueous phases in contact with ground clinkers

Time pH
Concentrations, moles/literXlO^

20H- SO4— Ca++ 2(Na+K) AI2O3 SiOs

Stein [22]—Normal consistency, 18 °C

10 min 78.8 0. 612 4.7 74.6 0. 324 0.266 4.72 6. 57 6.89 6.48

Kalousek, Jumper, and Tregoning [19]—Clinker 1, w/c=0.35, 25 °C, low alkali

7 min
120 min

12.68
12.72

31.5
34.5

0. 25
.38

30.8
26.2

1.45
11.0

0.020
.039

4.53
4.53

5.94
5.85

6. 75
6.53

Kalousek, Jumper, and Tregoning—Clinker 5, w/c=0.36, 25 °C, high alkali

7 min
120 mln

13. 19
13.39

106
164

35.1
1.63

2.14
2.67

142
162

0. 127
.049

0.482
.250

4. 91

4.44
5. 31

6. 56

7.18
7. 38

7. 47
7.78

Takemoto and Suzuki [17]—w/c=0.27, 20 °C

30 sec
3 min
8 mln

30 min
» 60 min

b 323 min

13.38
13. 45
13. 45
13. 45
13. 45

13. 45

120
140
140
142
141
143

8.7
0.4
.5

.6

.9

.6

1.7
1.7
1.4
1.8
1.7
1.5

137.1
138.3
138.3
138.3
143.2
143.2

0.26
.25
.23
.18
.18
.24

4.87
4. 74
4. 74
4.70
4. 73
4. 78

5. 97
7. 32
7.31
7.12
6. 97
7.20

7. 50
7.52
7.64
7.64
7.67
7. 59

Takemoto and Suzuki—w/c=0.28, 20 °C, 24 hr aeration

30 sec
3 min

» 7 min
b 40 mln

12. 80
12. 96
13.25
13.29

31.4
45.6
88.0

57.3
29.6
1.0
0.4

9.1
1.5
1.1
0.3

75.5
75.5
86.1
91.0

0.12
.20
.17
.15

5. 27
5.67
5. 22
5. 70

4.38
5. 37
6. 96
7. 94

7. 06
7. 54
6. 73
8. 37

• Initial set. >> Final set.

381



Table 6. Compositions of aqueous phases in contact with clinker plus calcium sulfates

Time pB.
Concentrations, moles/literXlO'

20H- SOi— Ca++ 2(Na+K) AI2O3 SIO2

Stein [22]—Cliiiker+4% gypsum, normal consistency, 18 °C

10 mtn 47.6 69 16.5 99.8 1.10 0.266 4. 81 4.13 6.42 6.63
60 mln 67.4 64.9 16.4 105.9 0. 628 .266 4. 65 4.16 6. 55 6. 88

Kalousek, Jumper, and Tregoning [19]—Clinlier 1+gypsum (1.76% SO3), w/c=0.35, 25 °C, low alkali

7 mln 12.62 27 12.0 39.6 1.29 0. 029 0.033 4.63 4. 24 6.80 6. 65

120 mln 12. 66 30.6 13.1 41.0 6.5 .039 .033 4. 51 4.20 6.79 6.42

Kalousek, Jumper, and Tregoning [19]—Clinker 5+gypsum (1.75% SO3), w/c=0.35, 26 °0, high alkali

7min
120 min

12. 91

13. 04
65
74

97
93

17.1
19.4

137
150

0.049
.069

0. 083
.067

4.64
4. 34

4. 05
4.03

7.12
7.18

7.06
6. 87

Takemoto and Suzuki [17]—Commercial cement A (1.08% SO3), w/c=0.24, 20 °C

30 sec 12.73 27.1 149 27.5 141.1

3 min 12. 88 38.0 115 25.4 142.1

8 min 12.89 39.0 111 11.7 143.1

30 min 12. 94 43.3 107 10.4 144.2
60 min 12.93 42.0 112 9.5 143.2

0 88 min 13.08 59.8 91.1 6.3 149.6
b 127 min 13.23 86.1 69.7 3.7 153.2

0.09 0.3
.1

.2

.2

.2

.3

.10

4,88
4. 81
5.11
5. 07
6. 13
4. 99

3. 73
3. 83
4.16
4. 23
4.23
4. 49
4.88

6. 41

7. 21

6. 96
7. 00
7.16
7.18

6. 64

6. 96

Takemoto and Suzuki [17]—Commercial cement B (1.61% SO3), w/c=0.26, 20 °C

30 sec 12. 82 31.6 119 29.4 116.9 0.08 4.79 3.76 6.94
3 min 12. 91 40.7 94.9 16.0 118.7 .12 4.94 4.09 6. 99
8 min 12. 93 42.1 91.5 14.3 119.1 .09 4.92 4.12 7. 13

30 min 12. 97 47.0 88.9 14.4 120.2 .08 4. 83 4.14 7.18
» 96 min 13. 00 49.8 98.2 12.9 127.9 .06 4.84 4.16 7.36

b 170 mm 12. 96 45.6 99.0 12.3 133.2 .08 4. 94 4.17 7. 26

Takemoto and Suzuki—Cement A, 24 hr aeration w/c=0.26, 20 °C

30 sec 12.59 19.6 142 38.4 126.3
3 min 12. 61 20.2 142 30.9 129.9
8 min 12. 81 32.2 111 11.8 129.9

30 min 12. 89 38.7 107 11.3 133.1
60 min 12. 93 42.5 103 10.3 132.2

» 250 min 13.11 64.6 73 2.78 134.6
b 320 mln 13. 39 122 40.6 1.27 139.1

0. 06
.06
.06
.06
.06
.08
.10

6.23
5.29
5.25
5.11
5. 07
5.24
6.03

3.59
3.68
4.14
4.18
4.24
4. 90
5. 50

6. 97
7.06
7.41
7.43
7.47
7. 86
8. 11

Takemoto and Suzuki—Clinker + hemihydrate (1.5% SO3), w/c=0.25, 20 °C

30 sec 12. 91 40.8 149 38.8 140.2 0.09 4.60 3.59 6. 81
3 min 12.66 22.8 148 29.7 140.5 0.1 .22 6. 21 3.69 6.52
8 min 12. 79 31.0 124 12.6 141.3 .18 6. 28 4. 10 6.93

30 min 12.82 32.8 117 9.1 142.0 .1 .12 6. 36 4. 25 7.24
60 min 12.93 42.1 123 10.2 146.7 .11 6.11 4.19 7. 24

» 110 min 12. 96 44.7 123 10. 4 157.4 .14 5. 06 4.19 7.14
b 197 min 12.86 36.5 116 9.2 158.4 .16 6.28 4. 27 7. 13

Steinherz and Welcman [20]—Cement A (0.9% CaS04), cement B (2.9% CaSOi), cement C (3.4% CaSOi) w/c=1.5, 20 °C

(A) 1 min
(B) 1 min
(C) 1 min

12.6
12.4
12.6

28.3
24.5
19.9

28.9
71.0
68.6

21.6
46.1

65.0

36.6
49.2
23.4

0.69

"'.'76"

0. 665
.164

1.00

4. 97
4.93
4. 96

4.20
3. 66
3.63

5. 83
6.29
6. 37

5.62

"5."26"

Portland Cement Assoc. [23]—Type I, w/c=0.5, 26 °C

10 min
30 min
70 min

12.76
12.40
12. 90

39
17.1

106

17.6
39.5
10.4

30.9
31.2
32.7

25.6
25.3
25.0

0.006
.006
.005

0. 027
.072
.053

4.46
5.20
4. 26

4. 24
3. 93
4. 65

7. 06
6.67
6. 84

7.60
7.48
7. 56

a Initial set. b Final set.
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Discussion

The principal source for the presence of calcium
in solution is C3S. The C3A produces in solution

the same number of ions that precipitate out in

the high sulfate sulfoaluminate. Since the alumi-
num concentration is low, it may be concluded
that C3A does not increase the concentration of

calcium appreciably. In addition the calcium
sulfates present in normal cements contribute to

the presence of calcium in solution. Free calcium
oxide would be expected to contribute very little

to the solution since it is probably dead-burned
and therefore even the available oxide will be
slow to react.

The hydroxyl ions in solution are produced
from the hydration of C3S and alkali. The
sources of sulfate in solution are gypsum, hemi-
hydrate and alkali sulfates. It is apparent that

the immediate supersaturation of the solution

must be caused by hemihydrate which is many
times more soluble than gypsum. Gypsum with
clinker, or clinker alone, will not produce super-
saturation.

Calcium may be removed from the solution by
the formation of hydrated calcium silicates,

calcium aluminates, calcium sulfoaluminates, cal-

cium hydroxide, and calcium sulfate. Hydroxyl
ions are removed as calcium hydroxide. Sulfate

ions are precipitated from the solutions as sul-

foaluminate. In the presence of hemihydrate,
false or plaster set is occasionally noticed which

is usually interpreted as an indication of the
formation of gypsum crystals.

Relatively high alkali content cements, by
increasing the hydroxyl ion concentration, will

accelerate the crystallization of calcium hydroxide
from solution. The alkali sulfates present in

cement or clinker may cause the precipitation of

gypsum by forming supersaturated solutions;

the resultant decrease in calcium ion concentration
permits a higher hydroxyl ion content in the
solution. Therefore, cements high in alkali sul-

fates may exhibit false set because of the formation
of gypsum crystals.

In the initial stages of hydration the pH values
of the aqueous phases are from 12.6 to 12.9. In
the presence of high alkali cements the pH values
after one hour of hydration may rise to approxi-
mately 13.2. It is clear from the results of

Takemoto and Suzuki [17] and Kalousek, Jumper,
and Tregoning [19], that high alkali clinkers

produce aqueous phases with values up to

13.45. Apparently calcium sulfate reduces the
hydroxyl ion concentration of solutions by re-

moving calcium hydroxide. Reduction in pH is

much more noticeable when calcium chloride is

added to clinker. Although the solutions are
usually supersaturated with respect to calcium
hydroxide, any increase in calcium or hydroxyl
ion concentration will accelerate the precipitation

of calcium hydroxide.
The results of the present study are in accord

with the solution theory for the hydration of ce-

Table 7. Compositions of aqueous phases in contact with ground clinker plus additives

Time pH
Concentrations, moles/literXlO'

20H- SOi— Ca++ 2(Na+K) AI2O3 SiOj

Taliemoto and Suzuki [17]—Commercial cement A+alk. carbonates (0.2% KjO, 0.2% NasO) w/c=0.26, 20 °C

30 sec 12.93 42.6 297 18.8 327 0.04 5.02 3.78 7.65
3min 12.87 37.2 320 27.8 327 04 4.97 3.59 7.50

» 8min 13.78 301 67.1 0.3 357 _ 2.70 5.06 6.16 7.55
i'12min 13.81 323 63.4 .3 375 98 6.01 6.20 8.01

Kalousek, Jumper, and Tregoning [19]—Clinker l+CaCh (1.46%), w/c=0.35, 26 °C

7 min
120 min

12.03
12.16

41

60
0. 125 366

294
4.84

14.62
0.020
.020

4. 34
4.22

«. 84 6. 35
6. 39

Kalousek, Jumper, and Tregoning—Clinker 5+CaCla (1.46%), w/c=0.35, 25 °C

7 min
120 min

12. 24
12.29

24
23

0. 50
.26

204
169

152
171

0. 069
.059

0. 050
.033

4. 41
4. 61

5.44
5.80

6.44
6. 67

5.99
6.12

Kalousek, Jumper, and Tregoning—Clinker 1+sucrose (0.05%), w/c=0.35, 25 °C

7 min
120 min

12.64
12. 72

56
68

0. 25
.38

28.2
25.3

1.45
12.1

0. 029
.069

0.033
.037

4. 65
4. 65

6. 95

6.85
6.83
6.86

6.45
6.29

Kalousek, Jumper, and Tregoning—Clinker 5+sucrose (0.05%), w/c=0.35, 25 °C

7 min 13. 31 154 1.88 0. 714 155 2.78 0. 466 6. 06 7. 06 7.66 6. 59
120 min 13. 43 183 1.00 2. 32 184 0. 127 .333 4.43 6. 87 7. 35 7.47

» Initial set. b Final set
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ment first proposed by Le Chatelier. Apparently
calcium hydroxide crystallizes from a very super-
saturated solution. However, no gypsum crystal-

lizes from the solutions supersaturated with cal-

cium and sulfate ions, except perhaps in the very
early stages. False set may be evidence for the
formation of gypsum. Almost all of the sulfate

is found eventually in the very insoluble sulfo-

aluminates.
Both the silicate and aluminate phases are in

contact with slightly supersaturated solutions.

This is evidence that both the highly soluble C3S
and C3A, after initial rapid reaction, react slowly
by a diffusion mechanism. It may be concluded
from these results that the rate of crystallization

from solution is much more rapid than the slow
hydration reactions which proceed by a diffusion

mechanism through the layer of hydration prod-
ucts deposited on the unreacted portland cement.
Therefore, the later rate of crystallization is con-
trolled by the slow hydration reactions.

Thanks are due to Dr. Stephen Brunauer for

his encouragement of this project and his helpful
suggestions. The discussion of this paper with
Dr. H. H. Steinour is gratefully acknowledged.
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Closure

Kenneth T. Greene

Dr. Hansen's suggestion that the coherence of

pastes of quartz powder may result primarily from
chemical rather than physical forces is entirely

appropriate and strengthens the present author's

belief that an intensive study of particle surfaces

and the manner in which they may influence the

properties of fresh portland cement pastes would
be very valuable. It seems likely that some of

the variable behavior of cements which appear to

be very similar chemically and physically when
judged by our present analytical methods may
stem from differences of surface condition which
we are unable at present to detect or measure.

I am indebted to Mr. Carlson for providing
more recent data on the problem of the exist-

ence of calcium silicoaluminates corresponding to

the formulas 3CaO-Al203-CaSi03-12H20 and
3CaO-Al2O3-3CaSiO3-30-32H2O. The best evi-

dence at present thus indicates that the occur-

rence of 3CaO-Al203-CaSi03-12H20 is unconfirmed,
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while the existence of SCaO-AlaOs-SCaSiOa-SO-
32H2O is more hkely but not firmly established.

A reexamination of some of the original prepara-

tions of Flint and Wells, described by Mr. Carlson,

suggests that their needle-shaped "silico-alumi-

nate" crystals contained significant amounts of

CO2 as well as Si02.

Mr. Powers' discussion deals with an important
point which should have been clarified in my paper.

I am sure that he is correct in his opinion that there

is no conflict between the conclusions of Powers and
Steinour from their bleeding experiments ana the

data of the Soviet investigators, who used a method
which would naturally give a different value for

surface area since it measures a different thing.

The conclusion which the Soviet scientists draw
from their data^—^namely, that the large increase

in measured surface area results from a breakdown
of the cement grains into much smaller particles—
is another matter, as Mr. Powers points out.

It appears that although there is necessarily no
conflict regarding the data, there is a fundamental
difference in conclusions.

The discussion of Dr. Greenberg and Mr.
Mehra is a valuable contribution to our knowledge
of the composition of the aqueous phase in the

early stages of cement hydration. Studies of

this kind are needed for a more complete under-

standing of the very early reactions and the

manner in which they may influence the course of

the setting and hardening phenomena as well as

other physical properties of the fresh and hardened

pastes.

In my original paper I stated that data on the

concentration of components in solutions separated

from cement pastes less than one minute after

mixing are generally lacking. I wish to correct

this statement since some results at 30 sec were

published by Takemoto and Suzuki (reference 17
of Greenberg and Mehra). It is interesting to

note that they show generally about the same
concentration of Si02 in solution at 30 sec as at

1 min. It may be that this is an indication that
the Si02 concentration is not much higher immedi-
ately after water contact, or it may mean that 30
sec after mixing is still not soon enough to detect
such a higher concentration if it actually exists.

These discussers state, "However, no gypsum
crystallizes from the solutions supersaturated
with calcium and sulfate ions except perhaps in

the very early stages. False set may be evidence
for the formation of gypsum." I believe that
under some circumstances hemihydrate may con-
vert to gypsum in cement pastes without being
manifested in a tendency to false set. DTA
results obtained in our laboratories have indicated
that in some cements, hemihydrate present before

mixing converts to gypsum over a period of 10

min or more. These cements often show no
false set by standard tests. Perhaps gypsum
sometimes forms by crystallization from super-

saturated solution and thereby causes false set,

whereas at other times it arises by hydration of

solid hemihydrate and does not induce false set.

Mr. Gaskin's experience regarding the influence

of gases such as SO2 on the setting behavior of

cements is most interesting. Although it may
be unlikely, as he says, that sufficient exposure

to SO2 will occur under normal manufacturing
operations to become significant, it appears that

the effect of different gases in the atmospheres of

both kilns and grinding mills needs to receive

greater attention than it has. As with the

disturbed surfaces, mentioned by Dr. Hansen,
adsorption of small amounts of gases and vapors
may account for some of the presently unpre-
dictable setting behavior of certain cements.
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Paper IV-2. False Set in Portland Cement*

W. C. Hansen

Synopsis

Investigators generally agree that the crystallization of gypsum from cement pastes
is the principal cause of false set in commercial cements. This paper reviews the literature
on this subject, on the system CaS04-2H20-CaS04-l/2H20-water vapor, and on the system
CaS04-2H20-Ca(OH)2-NaOH-H20.

This review shows that methods based on the stiffening of cement pastes and mortars
as measured by the Vicat apparatus and on the sedimentation of slurries in water or other
liquids have been used with success in studying the causes of false set. Also, that extracts
from a cement paste can be studied to reveal whether or not gypsum is likely to crystallize
in that paste. The use of these methods has resulted in investigators concluding that many
suggested causes of false set are rarely, if ever, the cause of false set in commercial cements.
Results with these methods have also shown that a type of false set can be developed by
aeration in cements that do not contain dehydrated gypsum. The action of aeration appears
to be one of altering the surfaces of the crystals of the aluminate and the aluminoferrite phases
so that the retarding effect of calcium sulfate on the rates of their reaction with water is

reduced. This area of the problem of false set requires additional study.

Resume

On se trouve g^n^ralement d'accord sur le fait que la cristallisation du gypse dans les

pStes de ciment est la cause principale de la fausse prise des ciments du commerce. Get
expos6 passe en revue ce qui a 6t6 6crit k ce sujet, sur le systeme CaS04-2H20-CaS04-l/2H20-
vapeur d'eau et le systeme CaS04-2H20-Ca(OH)2-NaOH-H20.

Ce compte-rendu indique que les m^thodes bashes sur le proces du raidissement des pates
de ciment et des raortiers tel que I'appareil de Vicat la mesure, et sur la sedimentation des
schlamms dans I'eau ou dans des autres liquides, ont 6t6 employees avec succes dans I'^tude
des causes de la fausse prise. Cette revue montre 6galement qu'il est possible d'^tudier des
fractions de la p^te de ciment dans le but de d^couvrir si le gypse est susceptible ou non de
cristalliser dans cette pate. Grace k, I'emploi de ces m^thodes on conclut que des nombreuses
causes de fausse prise propos6es sont rarement—peut-etre jamais—la cause de fausse prise
dans les ciments du commerce. Les r6sultats que donnent ces methodes indiquent aussi
qu'un type de fausse prise peut se d^velopper par aeration dans des ciments qui ne con-
tiennent pas de gypse dfehydrat^. II semble que Ta^ration ait pour effet de modifier les

surfaces des cristaux des phases d'aluminate et d'aluminoferrite de telle fagon que I'effet

retardateur du sulfate de calcium sur les vitesses de leur reaction avec I'eau est reduit. Get
aspect du probleme de la fausse prise exige de I'^tude suppl4mentaire.

Zusammenfassung

Die meisten Forscher nehmen an, da (J die KristaUisierung des Gipses in Zementmassen
der Grund fiir das falsche Abbinden der Handelszementsorten ist. Der Vortragende be-
spricht die Literatur, die dartiber erschienen ist, iiber die Systeme CaS04-2H20-CaS04-
1/2H20-Wasserdampf und GaS04-2H20-Ca(OH)2-NaOH-H20.

Man kann sehen, dal5 die Methoden, die auf dem Steifwerden der Zementpasten und
Morteln beruhen, wie sie mit dem Vicatapparat gemessen werden, und die Sedimentations-
methoden unter Benutzung von Wasser und von anderen Fliissigkeiten, sehr erfolgreich in

der Erforschung der Grunde fur das falsche Abbinden benutzt worden sind. Auch kann man
Zementpastenextrakte benutzen, wenn man ausfindig machen will, ob Gips vermuthch aus
der Masse auskristallisieren wird, oder nicht. Die Anwendung dieser Methoden hat ge-
zeigt, dafi viele der angegebenen Moglichkeiten fiir das Vorkommen der falschen Abbindung
fiir Handelszemente gar nicht in Frage kommen. Man kann das Phanomen auch mit HiLfe

einer Beliiftung an Zementen hervorbringen, die gar keinen hydratisierten oder unhydrati-
sierten Gips enthalten. Diese Beliiftung verandert vermutlich die Oberflachen der Alumi-
natkristalle und der Aluminoferritphasen, sodafi der VerzogerungsefTekt des Kalziumsulfats
auf deren Reaktionsgeschwindigkeiten mit Wasser verkleinert wird. Diese falschen Er-
starrungserscheinungen miissen noch besser erforscht werden.

Introduction

In recent years, cement technologists have
attempted to distinguish between "flash set" and
"false set." The first is believed to be a mani-
festation of the lack of the required amount of

•Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the Universal Atlas Cement Division
of the United States Steel Corporation, Gary, Ind.

sulfate in the cement to repress the rate of re-

action of SCaO-AljOs and water sufficiently to

give a satisfactory time of set. Usually, in this

type of set, the cement paste heats up excessively

and reworking of the stiffened paste does not

restore the original workability.
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False set is generally believed to be a manifesta-
tion of the presence in the cement of either calcium
sulfate hemihydrate or soluble anhydrite or both,
which dissolve rapidly and precipitate as gypsum.
In this type of set, the cement paste heats up
very little and reworking of the stiffened paste
largely restores the original workability.
Attempts have been made to develop tests

which would detect quick-setting tendencies in

cements. One of these (ASTM C-359 [1] ^) m-
cludes a reworking of a mortar for the purpose of

distinguishing between flash and false set. Tests
with this method have shown quick stiffening for

some cements which contained very little, if any,
dehydrated gypsum. (In this paper, the term
"dehydrated gypsum" will mean either calcium
sulfate hemihydrate or soluble anhydrite or a

mixture of the two.) It appears, therefore, that
the restoration of workability by reworking does
not necessarily show that the stiffening was caused
by the precipitation of gypsum.

In the early days of the manufacture of port-

land cement, it was believed by many that it was
necessary to use plaster of Paris to control the set.

For example, Meade [2] states "In spite of Le
Chatelier's experiments, it has been a theory
generally held in this country that gypsum would
not retard the set of cement but that the only
form of sulfate of lime which would do this is

plaster of Paris; and that, where gypsum is ground
in with the clinker, this is transformed into

plaster of Paris."

Meade made tests with finely ground gypsum,
plaster of Paris and dead-burned gypsum added
to a powdered clinker with the following results:

Calcium
sulfate

added

Water
used in
pats

Initial setting time, Gillmore
needle, for type of calcium

sulfate indicated

Qypsum
Plaster of

Paris
Dead-
burned
gypsum

Percent Percent hr:min hr:min hr:min
0 25 0:02 0:02 0:02
0.5 23 0:05
1.0 23 0:02 0:50 0:06
1.5 23 2:50
2.0 22 2:40 3:00 1:45
3.0 22 2:50 1:45 1:47
4.0 22 0:35
5.0 22 3:15 0:16 2:00

10.0 22 3:00 0:16 1:50
20.0 22 3:20 0:09 2:20

An examination of this table shows that cements
with 1 percent of calcium sulfate as gypsum and
as dead-burned gypsum had initial setting times
of 2 and 6 min, respectively ; whereas a cement with
that amount of SO3 added as hemihydrate had an
initial setting time of 50 min. This demonstrates
what is well known today that, with certain
clinkers, the sulfate must get into solution at a
very rapid rate to prevent the SCaO-AlaOs from
causing some stiffening of the cement paste.
Small amounts of dehydrated gypsum can do this
because of the rapid rate at which they dissolve.

' Figures in brackets indicate the literature references at the end of this
paper.

Larger amounts of gypsum and still larger amounts
of natural anhydrite are required to provide
sufficient surface for the rapid rate of solution

needed to give what might be called a normal
initial set.

It seems that it is necessary to recognize that
the term "normal initial set" has no definite

meaning. If the setting caused by the reaction

of SCaO-AlaOs with water is called flash set, then
it is possible to have flash set that varies from
severe to very mild, depending upon the extent
to which the rate of the reaction of 3CaO-Al203
with water has been modified. It seems logical

to believe that the stiffening caused by mild
degrees of flash set can be destroyed by reworking
of the paste.

Returning to the data by Meade, one observes
that the cement made with plaster of Paris be-
came fast setting when large quantities of plaster

of Paris were used. This is a demonstration of

the ability of dehydrated gypsum to produce what
is now called false set.

There is a third type of quick stiffening that
appears to differ from flash set or false set as de-

fined above. This develops when some cements
are exposed to the air (aerated) for some periods

of time. Some of these cements are known to

have contained very little, if any, dehydrated
gypsum. Generally, this stiffening can be de-
stroyed by reworking the paste.

Lhopitallier and Stiglitz [3] listed the following

suggested causes of false set:

1. CaS04-2H20+heat=CaS04-}^H20.
2. Action of alkali carbonates contained in

cements partiaUy deteriorated by ex-

posure to air.

3. Rapid hydration of a very high proportion

of very fine particles of cement.
4. High content of 3CaO-Al203 in the latter.

5. Coating of gypsum by cement during
grinding and the consequent neutraliza-

tion of the gypsum (formation of lamel-

lae).

6. Very high specific surface of the gypsum.

Lhopitallier and Stiglitz concluded from their

experience that items 2 to 6 were not involved in

false set. They measured false set by the pene-

tration of the Vicat needle in pastes mixed to

normal consistency.

Some of the items mentioned in this introduc-

tion will be discussed in more detail in the body
of the report. The purpose of this introduction is

to point out that this paper will deal with three

types of quick stiffening in an effort to clear up
one problem that was touched upon in the First

International Symposium on the Chemistry of

Cement. In his discussion of the papers. Cooper
[4] made the following statement: "The question

of the setting of cement is somewhat vexed, and I

think that more disputes arise between the user,

the engineer, and the manufacturer on questions

of setting than on any other point. The manu-
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facturer tests his cement and gets certain results.

A certificate is frequently issued to that effect but
the first thing the manufacturer hears is that the

cement which took two hours to set when it was
tested at the works takes two minutes or two days
on the job. In the result, the matter is referred

to a third party, who usually obtains quite dif-

ferent results from those of the manufacturer,
engineer, architect, or the party using it."

There seems to be no question about dehydrated
gypsum being the principal cause of false set in

commercial cements. Hence, this paper wdl be
concerned primarily with this phase of the setting
problem.

First Use of Calcium Sulfate With Portland Cement
According to Davis [5], portland cement as we

know it today probably was manufactured by
I. C. Johnson in the plant of White and Son in

about 1845. He claims that France and Germany
quickly followed Britain and that, by 1875,

Portland cement of fair quality was being produced
on a fairly large scale.

Forsen [6] points out that Scott, in 1857, pub-
lished a paper on the influence of sulfur-bearing

fuels on the strengths of burned lime which re-

sulted in an investigation by Schott (1871) of the

influence of gypsum mixed with various kinds of

lime. It would seem that Schott probably in-

cluded something similar to portland cement in

his study of limes.

Forsen states, "Berger claims that Scott was the

first to suggest control of the setting of portland
cement with gypsum, whereas this important dis-

covery is attributed by Goslich to Michaelis." In
this connection, Steinour [7] states, "Michaelis
said in 1905 that for perhaps 25 years he had intro-

duced wet gypsum into the grinding mills when
otherwise the cement was flash setting."

It seems that the discovery of the retarding

properties of calcium sulfate may actually have
been made by masons who either accidentally or

deliberately mixed plaster of Paris with their

limes. According to Lesley [8], the first use of

calcium sulfate in this country resulted from an
observation of the addition of plaster of Paris

to the batch when concrete was being mixed in

Paris.

The work by Meade cited in the introduction

was carried out to demonstrate that forms of cal-

cium sulfate other than plaster of Paris could be
used to prevent flash set. There has been some
tendency to blame false set onto increases in the
fineness to which a cement was ground which, in

turn, increased grinding temperatures and resulted
in the dehydration of the gypsum.
Bucchi [9] says that the first references in the

technical literature pertaining to false set ap-
peared with the widespread use of large compound
mills, characterized by high output rate, with a

low rate of heat dispersal, and of the tendency of

the manufacturers to produce high strength
cements by means of impact grinding. He sug-

gested that this type of false set be called "false

set of fine grinding" to distinguish it from other
types of false set.

It seems that the problem of false set probably
developed because of several changes in the manu-
facturing process. Among these are the following:

1. improvements in the burning of the
clinker;

2. changes in the compositions of the kiln

feeds, which resulted in clinkers with
lower 3CaO-Al203 contents;

3. better quenching of the clinker, which de-

creased the amount of crystalline SCaO-
AI2O3;

4. increases in the amounts of SO3 permitted
in cements ; and

5. increases in the fineness.

It seems very likely that most of the early

clinkers actually required dehydrated gypsum to

prevent flash set and combined with calcium sul-

fate at rates which permitted the crystallization

of little, if any, gypsum in the paste.

The System CaS04-H20

The system CaS04-H20 has been the subject of

many investigations with some disagreement as to

the nature of the compounds formed when gypsum
(CaS04-2H20) is dehydrated by heating in air.

Weiser, Milligan and Ekholm [10] made a very
thorough study of the dehydration of selenite at a
constant vapor pressure of 23.6 mm (that of water
at 25 °C). The products were studied by X-ray
diffraction. They called the completely dehy-
drated product "dehydrated hemihydrate."
They state, "the evidence seems conclusive that
CaS04-2H20 is dehydrated isobarically, a definite

hydrate CaS04-l/2H20 which adsorbs a small
amount of water is first formed and this, in turn,

dehydrates in a stepwise fashion to give dehy-
drated hemihydrate, calcium sulfate, which ad-
sorbs water that is not completely removed

at a vapor pressure of 23.6 mm until well above
the decomposition temperature". "The X-radio-

grams of the two substances, calcium sulfate

hemihydrate and dehydrated hemihydrate, are

similar, showing that the structures are similar;

but the existence of definite characteristic differ-

ences between the two patterns indicates that the

water molecules in the hemihydrate occupy fixed

positions in the lattice. These observations

likewise support the view that calcium sulfate

hemihydrate is a chemical individual and that the

process of dehydration is not zeolitic in character."

Kelley, Southard, and Anderson [11] defined

two forms of hemihydrate and the two forms of

anhydrite as follows:

a-hemihydrate (stable) can be prepared in the

presence of liquid water above 97 °C or in satu-
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rated steam. It loses water with formation of an
anhydrous soluble anhydrite in one step and is to

be considered nonzeolitic.

jS-hemihydrate (metastable) can be prepared
from the dihydrate by dissociation in a vacuum
or in a nearly dry atmosphere, followed by an-
nealing at 100 °C. It loses H2O with formation
of a soluble anhydrite containing several tenths of

a percent of H2O. From 0.9 percent H2O down,
the H2O is removed with increasing difficulty.

The two forms of soluble anhydrite are labeled

a and /3, depending on the variety of hemihydrate
to which they are related.

Soluble a-anhydrite can be made by dissocia-

tion of a-hemihydrate in a vacuum or in a rela-

tively dry atmosphere near 100 °C. It contains

virtually no water.

Soluble ;8-anhydrite can be made by dissociation

of /3-hemihydrate in high vacuum at 100 °C and
by rapid, nearly complete calcination of CaS04-
2H2O at 200 °C. It always contains several

tenths of a percent of H2O.

GUlUand [12] gives X-ray diffraction patterns
that show very muior differences between the

patterns of hemihydrate and soluble anhydrite.
However, it appears from these X-ray diffraction

patterns and those reported by Weiser, MUligan,
and Ekholm that it would be extremely difficult

by the use of such patterns to distinguish between
/3-hemihydrate and soluble /3-anhydrite in portland
cement.

From these studies, it appears that the cement
technologists need consider only what Kelley,
Southard, and Anderson class as /3-hemihydrate
and soluble /3-anhydrite. They found that this

type of hemihydrate did not lose all of its water
when calcined at 200 °C (392 °F). Portland
cement is rarely, if ever, either ground or stored at

a temperature as high as 392 °F. Hence, any
soluble anhydrite found in portland cement should
contain a few tenths of a percent of water. (In

this paper, the terms "hemihydrate" and "soluble
anhydrite" will always refer to the /3 forms as
defined by KeUey, Southard, and Anderson.)

Much has been written about the solubilities of

the various forms of calcium sulfate and its

hydrates. Gypsum (CaS04-2H20) is the only one
of these that has a true solubility in water at the
temperatm-es at which portland cement concrete
is placed, and in solutions of the compositions
found in cement pastes. Hence, the cement
technologist needs consider only the solubility of
gypsmn. He is, however, very much interested
in the rates at which the other forms of calciimi
sulfate dissolve. Hemihydrate and soluble an-
hydrite dissolve very rapidly and produce solutions
which are highly supersaturated for short periods
of time with respect to gypsum. Natural an-
hydrite dissolves at a slower rate than does
gypsum. Hansen and Hunt [13] give data that
show differences between extracts of pastes of
cements made with gypsum and with natural
anhydrite.

One property of gypsum of great interest to the
cement technologist is its stability with respect to
temperature and water vapor. The following
table was constructed from data by Mellor [14]:

Vapor pressure in the system CaS04-2H20-CaS04-l/2H20-
waier vapor

Vapor pres- Vapor pres- Relative
pinnp rn tn rp sure of

water—pw
huiniciity
ps/pwXlOO

mm mm
32 1. 17 4. 57 25
60 2. 78 9. 14 30
68 6. 24 17.4 36
104 26.3 54.9 48
110 91.4 149 61
176 272.4 355 76
212 710.8 760 93
230 1104 1075

Since portland cements are usually groimd at
temperatures [15] in the range of 100 to 300 °F,
the relative humidity of the atmosphere would, in

all cases, have to exceed about 50 percent to
prevent some dehydration of the gypsum during
grinding and storage. However, the rate of
dehydration of gypsum depends upon both the
temperature and the relative himaidity. Hence,
it seems possible that cements might be ground at
temperatures above 200 °F without extensive
dehydration of the gypsum and, if cooled as
discharged from the mill to some temperature
below 200 °F, the rate of dehydration might be
reduced to a very low value. That cooling is

effective is supported by the following statement
from Blanks and Gilliland [16] : "As far as it has
been possible to learn, there is not a single reported
instance where adequate cooling of the grinding
mills and of the cement prior to storage failed to

relieve stiffening."

In this connection, Wilsnack [17] heated —200-
mesh gypsum in 10-g portions at 150 °F for 0, 1,2,
and 4 days and found, respectively, the following
water contents: 21.10; 21.02; 20.22 and 17.98
percent. When heated for 1 day at 200 °F, the
water content was 7.34 percent.

Takemoto, Ito, and Hirayama [18] studied the
dehydration of gypsum by means of differential

thermal analysis during grinding of clinker and
gypsum in an experimental mill. Their data are

shown in figure 1. According to the authors,
these data show formation of hemihydrate at

85 °C (185 °F) when the batch was ground for 40
min and the formation of soluble anhydrite at
130 °C (266 °F) when the batch was ground for

80 min.

There has been speculation as to whether or not
dehydrated gypsum in portland cement would be
converted to gypsum by combining with water
vapor from the atmosphere after removal from
the storage silo. Wandser [19] gives the following
data for a sample of gypsum dehydrated by heat-
ing (to a loss on ignition of 4.07 percent) and then
stored in an atmosphere of 65 percent relative

humidity

:
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Grinding
Temperature

(°C)

150

130

105

85

20

Grinding Extent of Dehydration
Time of Gypsum

T[ (min)

100 Between henihydrate
and soluble anhydrite

ho Hemihydrate

Between hemihydrate
and soluble anhydrite

UO Hemihydrate

15 Hemihydrate

hS Hemihydrate

25 Between dih3rdrate

and hemihydrate

ho Between dihydrate
and hemihydrate

ho Dihydrate

Figure 1. Differential thermal analysis curves of cements ground with dihydrate

(by Takemoto, Ito, and Hirayama)

.

Heating rate: 5 °C/rnin, sensibility: 1/1.

Storage Water
time content

days percent
1 7.11
2 7. 41

28 7.42

The loss on ignition of pure hemihydrate is 6.2

percent.

Vikhter [20] exposed hemihydrate over solutions

of sulfuric acid and found that, at relative humidi-
ties below 60 percent, the material adsorbed at

the most about 1.3 percent H2O and retained its

activity practically indefinitely.

The small amount of water adsorbed by hemi-
hydrate indicates that gypsum was not formed.
The data by Mellor show that gypsum is converted
to hemihydrate at a relative humidity of 61 per-

cent and a temperature of 110 °F. It seems from
these data that hemihydrate in cement would
remain as hemihydrate during the handling of

cement under the procedures which are normal to

most projects in which cements are used.

As will be brought out later, some cements
become false setting upon aeration. One explana-
tion for this has been that the cement contained
dehydrated gypsum but did not show false set

until the cement was aerated because of the

absence of gypsum crj^stals upon which to crystal-

lize. From the above data, it seems unlikely

that gypsum crystals would be formed imder
what might be considered normal conditions of

aeration because it appears that soluble anhydrite

hydrates in air to hemihj^drate and that hemihj-d-

rate does not hydrate to gj-psum under these

conditions.
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Early Work on False Set

During the years 1929 to 1933, a number of

reports were published in Cement and Cement
Manufacture on false set. According to these

reports, false set is caused by the following:

1. rapid absorption of water by finely-

ground cement [21];

2. dehydration of the gypsum to an anhyd-
rite with a rate of solution insufficient to

prevent flash set [22, 23, 24];

3. partial or complete dehydration of the

gypsum [25, 26, 27];

4. "balling up of bundles of tiny particles

which become wetted on the outside of

the bundle only and give a plastic mortar;
but after a few minutes the water percolated
into the interior of the bundles with an
apparent stiffening of the pat which is

mistaken for an initial set" [28];

(a) "False set is due to insufficient gauging

;

that is, every particle of cement has not
been brought into contact with gauging
water".

(b) "False set occurs chiefly when the
clinker is of a soft nature and tends to clog
and flake in the mill, a tendency which is

aggravated by high temperature, whereas
with hard gritty clinker high temperature
does not produce false set"; and
5. improperly burned clinker [29].

Blank [30] describes tests made with wet clinker.

Cement made from wet clinker was very fast

setting and this could be corrected only by drying
the clinker. Blank concluded that there was no
"cut-and-dried explanation" for the causes of

false set. However, it appears that he was
dealing with a very unusual case which was
different from the conditions under which most
cases of false set were observed.

Data reported by Schachtschabel [27] are

interesting in showing that some cements may
require dehydrated gypsum to prevent flash set.

His data are as follows:

Variation of setting time due to gypsum, hemihydrate, and soluble anhydrite

Water, 26 to 28 percent. Times of mixing, 1 and 3 mln

Percent
addition

Gypsum Hemihydrate Soluble anhydrite

Mix 1 min 3 min 1 min 3 min 1 min 3 min

Init. Final Init. Final Init. Final Init. Final Init. Final Init. Final

ft. m. ft. 77). ft. TO. ft. TO. ft. TO. ft. m. ft. TO. ft. TO. ft. TO. h. TO. ft. TO. A. TO.

0. 75
1.00
1.25
1.50
2. 00
2. 50
3. 00
4. 00
6. 00
8.00

0 3

4 15
0 4

6 45
0 2
5 25

0 3
8 200 3

0 2
0 8

2 4

6 20

0 4

0 6
2 50
5 50
9 7

0 3
4 40

0 5

6 400 9
1 45
3 30
5 15

0 12
3 30
5 30
8 0

4 50 8 0

4 50
0 45
0 29
0 25
0 17

7 35
6 30
6 0
5 25
0 33

5 0
4 30
3 45
0 27
0 16

7 50
7 20
6 45
5 45
0 30

4 50 7 30 5 0 7 40

0 34
0 33

5 50
5 0

1 42
0 29

6 35
5 76 45 10 0 5 25 8 25

6 0 10 30 5 55 8 40

It required between 1.5 and 2.0 percent SO3 as

gypsum to prevent flash set with this clinker wnen
freshly ground, whereas 1.0 percent SO3 as soluble

anhydrite and 1.25 percent SO3 as hemihydrate
were as effective as about 2.5 percent SO3 as

gypsum. Aging of the ground clinker in bags for

3 weeks reduced the amount of SO3 as gypsum
required for normal set to 0.5 percent.

These data also show that amounts of SO3 above
about 2.0 percent as either hemihydrate or soluble

anhydrite produced a rapid initial set.

It appears from this review of the work reported
between about 1928 and 1935 that investigators

had clearly shown that dehydration of gypsum
during either grinding or storage could cause false

set in Portland cement. Some investigators erro-

neously attributed false set caused by dehydration
of gypsum to the formation of a relatively insoluble
anhydrite.

Two investigators [21, 28] suggested that false

set was due to rapid adsorption of water by the

finely ground cement. The data by Schachtscha-
bel indicate that some cases of fast stiffening might
be classed as false set because of the rapid reaction

of 3CaO-Al203 with water. For example, the
clinker used by Schachtschabel when mixed with
1.5 percent SO3 as gypsum gave an initial set of

8 min when mixed for 1 min and 105 min when
mixed for 3 min; These results raise the question
as to what is meant by normal setting. The cement
paste mixed for 1 min probably would be classed

either as flash or false setting whereas that mixed
for 3 min probably would be classed as normal
setting. It appears that the gypsum could not
dissolve fast enough in the 1-min mixing period to

prevent all traces of flash set. However, the addi-
tional mixing of the 3-min mixing period either

maintained a higher rate of solution of the gypsum
or else destroyed some of the set. If one were to

class this cement with 1.5 percent SO3 in the form
of gypsum as false setting when mixed as a paste
for 1 min, then one might be led to the conclusion
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that false set was caused by some factor such as and 2.5 percent SO3 added as gypsum. However,
rapid adsorption of water. when the SO3 was raised from 2.0 to 2.5 percent

It has been a rather common belief that fast by use of hemihydrate, the cement became fast
setting could be corrected by increasing the gyp- setting. These results show why one practice
sum content of the cement. This was effective might work satisfactorily in one cement plant and
with this clinker as shown by the results for 1.5 not in another.

The Liquid Phase of Cement Pastes

Studies on the constitution of portland cement have
rather clearly defined the compositions of the crys-

talline phases in such cements. One such phase
is a solid solution of K2SO4 and Na2S04 which
dissolves very quickly when the cement is mixed
with water. Also, calcium hydroxide splits off

very rapidly from the calcium silicates and alumi-
nates. The liquid phase of cement paste, there-

fore, tends to satisfy the following equation within

a very short time after the cement and water are

mixed:

CaS04-2H20;^CaS04+2MOH
SoHd

= M2S04+Ca(OH)2^Ca(OH)2,
Solid

Penetration tests and extract compositions for heated cements

Penetration test Data for extracts—moles/liter
Cement No. Heated

24 hr
Water ^ min 5 min Na20+K20 SO3 Sat. SO3 Excess SO3

°C Percent mm mm
9939 27.2 34 2 0. 0271 0. 0294 0. 0227 0. 0067

128 .0250 .0510 .0216 .0294
200 28.0 35 1 .0230 .0543 .0206 .0337
300 26.0 38 0 .0240 .0543 .0211 .0332
360 27.6 37 21 .0286 .0248 .0235 .0013
650 29.2 37 30 .0343 .0202 .0268 .0066

9940 29.6 37 0 .0136 .0433 .0166 .0267
128 .0138 .0461 .0166 .0295
350 27.0 38 31 .0140 .0364 .0167 .0197

A-112 28.6 37 15 .0773 .0626 .0562 .0064
128 29.0 35 0 .0739 .0906 .0537 .0369
200 33.0 33 3 .0733 .0741 .0532 .0209
300 28.0 37 0 .0707 .0946 .0514 .0432
350 28.0 34 26 .0758 .0717 .0551 .0166
650 28.2 36 28 .0823 .0533 .0600 .0067

A-215 28.0 33 17 .0472 .0424 .0346 .0078
128 27.2 33 0 .0468 .0689 .0344 .0345

where M equals either K or Na or both.
The solubihty of Ca(0H)2 and CaS04-2H20 in

solutions of alkalies has been investigated by
Hein [31] and by Hansen and Pressler [32]. The
data by the latter authors are given in table 1.

In recent years, investigators in a number of

countries have studied the problem of false set

by means of extraction tests. Gilliland [12] used
a test in which 250 g of cement was mixed in a
Waring Blendor for 2 min with 125 ml of distilled

water and filtered on a Buechner funnel. The
extract was analyzed for CaO, (0H)2, SO3, K2O
and Na20. The quantity of SO3 in such a solution
at equilibrium was taken from the data by Hansen
and Pressler. The following table gives data by
Gilliland for four cements heated for 24 hr at
various temperatures:

These data show that all of the extracts from
the original cements contained SO3 in excess of

that required by a solution saturated with respect
to gypsum. Small degrees of supersaturation
might be accounted for by increased solubility of

broken crystals. Hence, some of the original

cements may have contained very little, if any,

dehydrated gypsum.
Heating the cements at 300 °C generally in-

creased the amount of SO3 in the liquid phase.
Heating at 350 °C appears to have converted some
of the calcium sulfate to natural anhydrite and
heating at 650 °C appears to have fairly well

completed this conversion.
Gilliland used this extraction test to help prove

that alkali carbonate does not cause false set

during aeration as suggested by Bogue [33]. The
results of his tests are as follows:

Treatment

Penetration
Test

Data for extracts—moles/liter

}i min 5 min K2O
+Na20

SO3 Sat.
SO3

Excess
SO3

mm mm
As received 33 15 0. 0736 0. 0658 0. 0535 0.0123
Aerated 10 days at 50

percent RH_ 36 0 .0733 .0875 .0532 .0343
Heated to 350 "C for 24
hr after aeration 37 20 .0582 .0371 .0421 -.0050

Severe false setting was induced by aeration

but heating at 350 °C, which is sufficient to convert
gypsum and hemilij^drate to natural anhydrite
but insufficient to decompose alkali carbonates,
destroyed the false set. This seems to demonstrate
for this high-alkali cement that false set, upon
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Table 1. Solubility of Ca(0H)2 and CaS04-2H20 in solutions of KOH and NaOH at 26 and 30 °C {data by Hansen and
Pressler [32])

Composition of original solution
moles/liter

Composition of solution in contact with solid Ca(0H)2 and
solid CaS04-2H20—moles/liter

K2O NazO K20+Na20 CaO SO3 OH Na20 K20+Na20
Calc.»

DATA FOR 30 °C

None None None 0. 0319 0. 0125 0. 0387 0. 0001
0. 0050 None 0. 0050 .0298 .0141 .0419 .0053
0025 0. 0025 . 0050 . 0294 0141 . 0393 0044

. 0150 . 0050 0200 0256 . 0191 0529 0. 0052 0199
0100 0101 0201 . 0236 0196 0477 0199

.0251 None .0251 .0228 .0223 .0523 .0256

.0125 0. 0125 .0250 .0226 .0219 .0514 .0250
0150 0151 0301 . 0226 0236 . 0585 0302

. 0251 . 0050 0301 0231 0241 0587 0. 0052 0303
0150 . 0151 . 0301 . 0216 . 0252 0536 . 0304

.0301 None .0301 .0214 .0253 .0524 .0301

.0401 None .0401 .0211 .0299 .0626 .0399
0200 0. 0202 0402 . 0198 0303 0602 0406
0150 0252 0402 0195 0303 0589 0. 0251 . 0401
0501 None 0501 0185 0373 0618 . 0497

.0251 0. 0252 .0503 .0188 .0376 .0633 .0502

.0251 . 0252 .0503 .0194 .0363 .0672 0. 0253 .0505
0050 0500 0550 0184 0395 . 0698 0504 . 0561

0500 . 0050 . 0550 . 0190 0398 . 0689 0052 . 0552
0601 None 0601 0187 0430 0710 . 0598

.0301 0. 0302 .0603 .0180 .0425 .0711 .0599

.0150 .0504 .0654 .0175 .0468 .0734 0. 0502 .0659
0501 0252 0753 0174 0544 0771 0255 . 0756
1002 1002 0162 0710 0806 . 0951

!l002 0^0050 '. 1052 !0167 !0783 !0884 0. 0056 !l058

. 1002 .0252 . 1254 .0164 .0951 .0940 .0259 . 1257

. 1504 None .1504 .0162 . 1167 .0972 .1491

None 0. 1448 . 1448 .0150 . 1151 .1024 . 1513

0. 1504 .0050 . 1554 .0162 . 1211 . 1011 . 1553

.1504 .0252 .1756 .0162 . 1382 . 1048 .1744

.2005 None .2005 .0164 . 1626 . 1062 .1991

None 0. 1930 . 1930 .0149 . 1586 . 1146 .2010
0. 2506 None .2506 .0161 .2055 . 1136 . 2462 b

. 1253 0. 1250 . 2503 .0169 . 2040 . 1188 . 2465 >>

.3750 None . 3750 .0094 .2121 . 1455 . 2555 b

None 0. 3750 .3750 . 0051 .2629 .2279 .3718

0. 5012 None .5012 .0093 .2083 .1386 . 2683 b

1. 0023 None 1. 0023 .0034 .3662 .2752 .5000 b

DATA FOR 25 °C

None
0. 0100

. 0200

.0401

.0601

. 1002

.2005

None
None
None
None

None
None
None

None
0. 0100
.0200
.0401

.0601

. 1002

.2005

0. 0331
.0292
.0240
.0211

.0183

.0161

.0165

0. 0123
.0151
.0190
.0289

.0426

.0722

.1562

0. 0414

.0502

.0649

.0726

.0888

. 1164

0. 0001
.0103
.0201
.0403

.0606

. 1005

. 1979 b

» Calculated from determined values for CaO, SO3 and OH.
b CaS04-K2S04-H20 probably formed as a solid phase.

aeration, is not caused by forming alkali car-

bonates.

It is now well known that, generally, a fairly

large part of the alkalies in cement clinkers

exist in these clinkers as the sulfates. The re-

maining alkalies probably exist as a solid solution

of 23CaO-K20-12Si02 with 2CaO-Si02 and as a

solid solution of SCaO-NaaO-SAlaOs with

SCaO-AlaOs. It seems very unlikely that any
significant amount of alkalies can be released

from these phases as carbonates during normal
exposure to air and, of course, alkali sulfates will

not be converted to carbonates by exposure to air.

Hence, it appears that the formation of alkali

carbonates by aeration cannot be a cause of false

set. However, when alkali carbonates are added to

cement pastes, they precipitate CaCOs, which
might in itself cause stiffening of the paste just

as the precipitation of gypsum does. Also, it

seems that calcium sulfate requires the presence

of some Ca(0H)2 to prevent 3CaO-Al203 from
reacting at a sufficient rate to cause some stiffening

of the paste. Hence, it appears that the early

stiffening of a cement paste observed by a number
of investigators when they added alkali carbonates

to a cement is a type of stiffening that would not

be obtained in practice.

Schachtschabel [27] attributed the action of

alkali carbonates added to the cement to the

changing of the calcium sulfate to alkali sulfate

by precipitation of CaCOa.
The data by Gilliland indicate that the cement

used in his study contained dehydrated gypsum as
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received because, at equilibrium, a solution

containing 0.0736 moles K20+ Na20 should con-
tain 0.0535 moles SO3 instead of the 0.0658 moles
which it contained. Aeration increased the SO3
content to 0.0875.

Hansen [34] performed a somewhat similar

experiment in which 200 g of cement was shaken
with 150 ml water for 1 and 3 min. The cement
was tested as received and after aeration in

laboratory air for 24 and 48 hr. The results of

these tests were as follows:

Treatment Time of

shaking

Composition of extract—moles/liter

SO3 {0H)2 CaO Na20 Sat.

SO3
Excess
SO3

min
As received 1 0. 0245 0. 0279 0. 0286 0. 0238 0.021 0. 004

3 .0157 .0433 .0279 .0311 .025 -.009

Aerated 24 hr.

.

1 .0523 .0238 .0589 .0172 .019 .033
3 .0401 .0239 .0468 .0182 .020 .020

Aerated 48 hr.

.

1 .0533 .0232 .0621 .0144 .018 .035
3 .0431 .0234 .0512 .0153 .018 .026

This sample of cement must have contained
dehydrated gypsum as received but, in the
unaerated sample, the 3CaO-Al203 combined with
the calcium sulfate at a rate such that, at 3 min,
the solution was not saturated with respect to

gypsum. When the cement was aerated, the

solution was highly supersaturated at 3 min with
respect to gypsum. This indicated that aeration

reduced the rate at which 3CaO-Al203 reacted with
calcium sulfate.

Hansen demonstrated that aeration reduced
the rate of reaction of 3CaO-Al203 with calcium
chloride by grinding the clinker without added
calcium sulfate and then making extraction tests

in which 200 g of the powdered clinker was shaken
for 1, 5, 15, and 30 min with solutions of calcium
chloride. The extracts were analyzed for chloride

and the amounts combined during the shaking
period were calculated with the following results:

Grams CI2 combined with JflO g clinlcer for

minutes indicated

1 5 15 30

As received.. 0.22 0. 28 0. 34 0. 36

Aerated 24 hr .08 . 14 .22 .24

Aerated 48 hr .03 . 11 .22 .26

These data show that aeration retards the rate

at which the cement combines with CaCl2.

Manabe [35] showed, by studies with calcium
sulfate made with radio-isotope sulfur-35, that

aeration decreased the rate at which calcium
sulfate combined in cement pastes.

Returning to the data by Gilliland, it is seen

that these data also indicate that the rate at

which 3CaO-Al203 reacts with the calcium sulfate

has been decreased by aeration.

The presence of excess SOa in extracts from
cement pastes does not always indicate the
presence of dehydrated gypsum in the cement.
If cements contain relatively large amounts of
alkali sulfates, these sulfates may dissolve very
rapidly to give solutions from which CaS04-2H20
will precipitate by the reaction of the alkali
sulfate with Ca(0H)2 to give the equilibrium of
eq (1). Hansen and Pressler [32] give the fol-
lowing data for the liquid phases of slurries of
four cements after reaction periods of 3 min:

Cement
No.

Composition of liquid phase
Composition of solution at
equilibrium for given MjO
content

Moles/liter MoIesAlter

SO3 CaO M2O SO3 CaO MjO

1

2
3
4

0. 0127
.0151
.0777
.0883

0. 0417
.0412
.0269
.0481

0. 0018
.0028
.0879
.0706

0. 0130
.0140
.0640
.0490

0. 0310
.0320
.0162
.0170

0.0018
.0028
.0879
.0705

From these data, it is seen that the extract from
1. Cement No. 1 is slightly supersaturated
with Ca(0H)2;

2. Cement No. 2 is slightly supersaturated
with CaS04-2H20;

3. Cements Nos. 3 and 4 are supersaturated
with respect to CaS04-2H20 and unsatu-
rated with respect to Ca(0H)2. Hence,
they will have to dissolve more Ca(0H)2
and precipitate gypsum to attain
equilibrium.

It appears that these cements contained large
quantities of alkali sulfates that dissolved at very
rapid rates.

Bucchi [9] developed a method of studying the
rate at which SO3 combined in the cement paste.
In this method, samples of the paste after various
periods of reaction were mixed with a sufficient

amount of saturated Ca(0H)2 solution to dissolve

all of the SO3 in the cement if it still remained as

gypsum. The solutions were filtered and the
filtrates were analyzed for SO3. The results

showed a very rapid combination of SO3 in the
first few minutes. Bucchi determined by this

method the quantity of SOj remaining uncom-
bined in the paste at the end of this initial rapid
reaction. This value he called Q' and the
original total SOj content of the paste he called Q.
Then, Q—Q'=X, the amount of SO4 combined
during the first few minutes. According to

Bucchi, if a cement shows rapid set when Q is

equal to or less than X, the rapid set will be flash

set. Generally, rapid set that occurs when Q is

greater than X will be false set.

Bucchi prepared a number of cements by grind-

ing the clinker separately and then blending them
with either powdered gypsum or plaster of Paris

or mixtures of the two. Results for one clinker,

which are typical of those for all clinkei-s studied,

are as follows:
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Time of set so" ion concen-

so 5 content of cement—percent Vicat needle tration ^ in the
paste—percent

SO3 SO3
SOjin added added
clinker as as Total Init. Final Q Q' Q-Q'

gypsum hemlhy-
drate

0. 52 0.66 1.18 0:08 0:18 1.09 0.00

.52 1.37 1.89 2:35 4:25 1.75 0. 42 1.33

.51 2.17 2.68 2:35 4:25 2.48 1. 16 1.32

.50 3. 00 3.50 2:34 4:17 3. 23 1.90 1.33

.48 3. 92 4. 40 2:20 4:10 4. 06 2. 71 1.35

.48 4.97 5. 45 2:41 4:30 5. 03 3. 71 1.32

.52 0.69 1.21 0:10 0:19 1. 12 0. 00

.52 1.17 1.69 2:34 4:26 1. 56 0. 23 1.33

.52 1.66 2. 18 2:35 4:29 2. 01 0. 69 1.32

.61 2. 19 2. 70 2:33 4:21 2.49 1. 16 1.33

.51 2.56 3.07 1:69 4:22 2.84 1. 50 1.34

.50 2.99 3.49 0:15 4:20 3. 22 1.86 1.36

.49 4.22 4. 71 0:12 0:27 4 35 2. 99 1 36

.48 4. 91 6. 39 0:12 0:30 i. 97 3^64 L33

. 52 0. 42 2. 19 2:31 4:30 2. 02 0.69 1.33

.52 0. 83 2.18 2:30 4:41 2. 01 0. 70 1.31

.52 1.16 2.18 2:00 3:50 2. 01 0. 70 1.31

.52 1.50 2. 19 1:00 3:00 2.02 0.68 1.34

.52 1.58 2. 18 0:40 2:31 2. 01 0. 72 1.29

» Q is Initial concentration as calculated from SOl content of the cement
and Q' is the concentration at the end of the initial rapid reaction.

These results show that, for this clinker, gypsum
and hemihydrate produced similar initial setting

times until 2.56 percent SO3 as hemihydrate was
added. A very fast set was obtained with 2.99

to 4.91 percent SO3 as hemihydrate.
Lhopitallier and Stiglitz [3] made an extensive

study of false set by grinding clinkers with gypsum
and then heating the cements to form dehydrated
gypsum. They analyzed extracts from pastes for

K2O, NajO, CaO, SO3, and (0H)2 and compared
them with the data published by Hein and by
Hansen and Pressler and used the penetration of

the Vicat plunger to indicate false set. The
following conclusions were reached:

1. "The set of hemihydrate, formed by dehy-
dration of gypsum in overheated grinding

mills, suffices by itself to explain the
phenomenon of false set of cements."

2. "The intensity of false set is a function of

the absolute content of hemihydrate present

in cement."
3. "In the case of partial dehydration, the

fraction of non-dehydrated gypsum acts

as seed for crystalUzation and accelerates

the set of the hemihydrate."
4. "If mixing is continued beyond the set of

the hemihydrate, the skeleton formed by
the crystals of gypsum is broken and the
paste becomes plastic again without further

addition of water. The period of mixing
necessary to break up false set is shorter

the higher the proportion of particles of
gypsum."

5. "Analysis of cement liquors taken at in-

tervals of time allows one to ascertain the
beginning of the phenomenon and to esti-

mate the minimum time of mixing needed
to break up the stiffening."

Murakami [36] found that false set due to hemi-
hydrate could be explained by determining the
chemical compositions of extracts from pastes
taken immediately and 10 min after mixing with
the amounts of water required for normal con-
sistency. Takemoto and Suzuki [37] also studied
extracts from neat pastes.

Manabe [35] added powdered clinker to solu-

tions of CaS04 in which the CaS04 had been made
with sulfur 35. By measuring the specific activity

of the S in the original solution and in extracts
made at various periods of time, he was able to

study the rate at which SO3 combined with the
cement. As pointed out previously, he found that
aeration decreased the rate of combination of SO3
with the cement.

The development of methods based on the flame
photometer for the determinations of alkalies

has made it relatively easy to analyze the extracts

from cement pastes. However, one can calculate

the alkali contents of these extracts with sufficient

accuracy for use in deciding whether or not an
extract is supersaturated with respect to gypsum.
These extracts are essentially solutions of alkali

and calcium hydroxides and sulfates. Hence

Moles SOs+Moles fOH)2-Moles CaO=Moles
M2O.

The extremely small amounts of AI2O3, Si02,

and other oxides present in such extracts do not
seriously interfere with these calculations. The
results of many tests in our laboratories show
good agreement between determined and calcu-

lated values.

These extraction methods have made it possible

for investigators to determine whether or not a

cement could produce false set by precipitating

gypsum. This has led most, if not all, recent
investigators to conclude that dehydrated gypsum
is the principal cause of false set. The knowledge
that mixing of the paste can destroy false set has
led them to the realization that the mixing period

in the tests designed to test for false set should be
short if the maximum amount of stiffening is to

be determined.

IMethods of Testing for False Set

An anonymous [38] investigator appears to have
been the first to publish a method designed princi-

pally to detect false set. The proposed method

was based on the sedimentation of slurries of the

cement with water and with white spirit of turpen-
tine. The results obtained were as follows:
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Spirit Water Vicat set

Time Volume Time Volume Volume
Sample taken after taken after Init. Final after

to settle- to settle- settle-
settle ment settle ment ment »

Fine sand
Fine emery
Cement 1

Cement 2 -

Cement 3.

Cement 4

Cement 5

Cement 6
Cement 6

(after igni-

tion)
Cement 7.

Cement 7

(after igni-

tion).

min.
20
20

100
65

165
80
100
75

65

80

85

cc

14
10
13

12^
mi
12%
m/i
12%

12
13

12

min.
20
20
45
3

55
3

40
35

16

50

21

cc

liVi
WA
IVA
39>^

IVA
38^
16!^
17>^

19H
16^

18M

min.

90

45

105
30

115

min.

210
5

120
5

220
110

230

%
6.2
5.0

32.7
209.8
29.6

201.9
24.5
37.2

60.4
26.9

56.2

» Increase in water over that in spirit.

At about this time (1929), the U.S. Bureau of

Reclamation began to work on a test method and
a specification by which false setting cements
could be rejected. It appears that the difficulties

with false set became acute for this user primarily
from the use of cements with low potential
3CaO Al203 contents and the necessity of trans-

porting the concrete some distance from the mixer
before placing it in tlie forms.

In March 1937, the U.S. Bureau of Reclamation
printed Specification No. 898D which developed
into the present Federal Method 2501—"Early
Stiffening of Cement, Paste Method" [39]. In No.
898D, 500 g of cement was kneaded for 3 min with
26 percent water in accordance with ASTM Desig-
nation C 77-32 [1]. The paste was molded into

the Vicat ring and tested for depth of penetration
of the 1-cm plunger of the Vicat apparatus. The
cement was considered to be false setting when the
plunger failed to penetrate 2 mm below the original

surface 2]i min after mixing was completed.
Experience with this method showed that some

cements required more than 26 percent water to

produce workable pastes. The method was there-

fore changed to permit the use of the amount of

water required to give a penetration of 35 ±2 mm.
Also, the time at which the final penetration was
determined was changed from 2]^ to 5 min after

mixing was completed. Cements may be rejected

by specifications based on this liiethod when the
difference between the initial and final penetra-
tions is less than 17 mm.
The State of Washington Department of High-

ways [40] checks all cements used in their work for

stiffening characteristics and warns the resident en-

gineer on construction that additional work may
be required in placing concrete made with certain

cements. In their method, which was revised in

1950, they mix a mortar of one part cement and
two parts graded Ottawa sand with sufficient water
to give a flow of 101 to 110 percent, ASTM Method
C 109 [1]. They mix the water and cement for 30

sec in a bowl with a spoon. The sand is then
added and the mortar is mixed for 60 sec. The
Vicat mold is then filled and the depth of penetra-

tion of the Vicat plunger is measured 5 min after
completion of the mixing. If the depth of pene-
tration is less than 30 mm, tlie cement is consid-
ered to be false setting.

In 1955, the State of Nebraska [41] included a
method of determining false set in a specification
for Portland cement. This method of test consists
of determining the deptli of penetration of the 1-cm
plunger of the Vicat apparatus in a neat cement
paste of normal consistency, ASTM Designation
C 187 [1]. Penetrations are determined at 3, 4}^,
and 8 min after the water is added to the cement.
The paste is remixed and remolded after the third
reading and a final reading is taken at 10)^ min
after the initial contact with water. A cement is

classed as false setting when either the second or
third penetration is less than 50 percent of the
first penetration, and the fourth penetration is 90
percent or over, of the first penetration.
The American Society for Testing Materials [1]

adopted a method in 1955 known as ASTM Desig-
nation C 359, "Tentative Method of Test for False
Set of Portland Cement". This has been adopted
in slightly modified form as Federal Method 2511
[39], "Tentative Method of Test for Early Stiffen-

ing of Portland Cement, Mortar Method".
This method, which was patterned after the

Nebraska method [41], measures the depth of pene-
tration of the 1-cm plunger of the Vicat apparatus
in a 1 : 1 mortar. The mortar is mixed by machine
and placed in a mold in slightly less than 3 min.
Penetrations are determined at 3, 5, 8, and 11 min
after mixing is started. After the 11-min reading
is taken, the sample is remixed and remolded and
the penetration is measured to determine whether
or not the original workability of the mortar can
be restored.

It appears that no other country has either

adopted a standard method of test for false set or
included limits for false set in their specifications

for Portland cement. However, many investiga-
tors in other countries have studied the problem
of false set and some have introduced methods of

testing for false set.

Manabe [42] used a method in which 10 g of

cement was shaken with 15 ml of water in a 30-ml
graduated cylinder for a prescribed period of time.
The rate of sedimentation was measured and the
results were correlated with results obtained by
Federal Method 2501.

Sulikowski and Ziarno-Czamarska [43] used an
electrical conductivity method to show false set-

ting in cements which had been heated to dehy-
drate the gypsum. They found that the slurry of

the unheated cement showed a rapid and then pro-
gressively slower decrease in electrical resistance

whereas the slurry of the heated cement showed a
pronounced maximum on the curve.

Bucchi [44] distinguished betw^een false and flash

set by an extraction test. In this test, two 5-g
samples of the initial setting pat are weighed to the
nearest 1 mg at the moment the pat shows initial

set by the Vicat needle. One sample is extracted
in saturated lime water and analyzed for SO3,
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which is called S and expressed as percent of paste.

The other sample is ignited at 950 °C to obtain

loss on ignition, called Pa. Then, the SO3 content

in terms of anhydrous cement is

S
100-Pa

XlOO

In the case of flash set, the extract gives only a

faint opalescence when treated with BaCl2 to pre-

cipitate BaS04, whereas, with false set, a measur-
able amount of BaS04 is precipitated.

Steinour [7] and Blanks and Gilliland [16] discuss

some methods of testing for false set which they
obtained by personal communications with the
investigators.

A number of investigators have demonstrated
the ability of small amounts of dehydrated gyp-
sum to produce stiffening in pastes of inert pow-
ders. Typical of these are the results obtained by
Hansen [34]. In these studies, quartz was ground
in a cold mill to about the fineness of portland
cement. One sample was ground without any
additions ; one was ground with gypsum equivalent
to 2.0 percent SO3; and one was ground with mold-
ing plaster equivalent to 2.0 percent SO3. These
were blended to give mixtures with varying SO3

contents and the mixtures were tested for false set

by ASTM Method C 359. The results were as
follows

:

False set in quartz paste as determined by ASTM Method
C 359

Paste containing gypsum
penetration—mm

S03 Initial 5
min

8
min

11

min
Re-
mix

Initial 5

min
8

min
11

min
Re-
mix

%
0 50+ 45 46 44 50+ 60+ 45 46 44 60+
0. 25 47 43 42 42 47 49 40 38 30 50+
0.50 46 44 40 48 46 46 38 27 20 60+
1.00 46 45 41 43 47 48 10 8 7 50+
1.50 47 47 42 40 46 47 5 0 0 50+
2. 00 48 44 41 41 48 41 0 0 0 50+

Paste containing molding plaster
penetration—mm

These results indicate that about 0.5 percent
SO3 as dehydrated gypsum could produce a mild
stiffening in a cement paste provided the cement
did not combine with more than traces of SO3
during the test period. However, the cements
that combine with SO3 at very rapid rates during
the fii'st few minutes might not show false set,

except when most or all of the gypsum has been
dehydrated.

Swayze [45] demonstrated that certain clinkers

which do not require calcium sulfate to prevent
flash set may develop quick-stiffening tendencies
when the powders are aerated. The clinker used
had the following calculated compound compo-
sition—percent by weieht:

3CaOS102
2CaO-Si02
3CaO-Al203
4CaO-Al203-Fe203
2CaO-Fe203

73.9
9.9

None
11.2
3.7

Free CaO
MgO
SO3
Na20+K20
Loss on ignition

False Set Produced by Aeration

This was ground in a laboratory mill to specific

surfaces of about 2700 cm^/g without calcium

sulfate, with sufficient gypsum, and with sufficient

natural anhydrite to give 2.5 percent SO3. Each

grind was made without and with either 0.5

or 0.2 percent water added to the mill. The

results obtained by Swayze are as follows:

0.6
.6
.01
.04
.08

False set in cold ground laboratory cements, ASTM Method C 359: 32 -percent water in mortar

Penetration—mm Penetration—mm
Sample condition

Init. 5 min 8 min 11 min Remix Init. 5 min 8 min 11 min Remix

Clinker Only—Dry Grind Clinker Only—0.5% Water

Fresh sample 50 50 50 47 50 50 50 60 50 50
Aerated 16 hr 50 1 0 0 50 .50 50 49 12 60
Heated 260—7 da » 60 1 0 0 50 50 50 42 5 50
Aerated 16 hr _ 50 11 0 0 50 50 50 33 2 50

Clinlfer+Gypsum—Dry Grind Clinker+Gypsum—0.5% Water

Fresh sample. 60 50 60 60 50 60 50 50 50 50
Aerated 16 hr 50 3 0 0 50 50 2 1 1 60
Heated 260—7 da » 50 0 0 0 50 50 0 0 0 60
Aerated 16 hr.. 50 0 0 0 50 50 0 0 0 50

Clinker+ Anhydrite—Dry Grind Clinker+Anhydrite—0.2% Water

Fresh sample 50 60 5 2 50 60 50 50 50 60
Aerated 16 hr 50 50 2 0 50 50 50 2 0 60
Heated 260—7 da » 50 39 3 0 50 50 50 38 3 50
Aerated 16 hr 50 60 2 0 50 60 50 50 35 60

» Fresh sample.
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Swayze points out that it was difficult to grind
the dinker plus anhydrite mixture because of

ball-coating and that, accordingly, the powdered
clinker was aerated before grinding was completed.
The cements produced in all of the other grinds
showed no quick-stiffening tendencies in this test

until they had been aerated. Then, all developed
quick-stiffening tendencies.

The fresh samples of all grinds when heated to

260 °F for 7 days in an open can and cooled in a

closed can developed quick-stiffening tendencies.

Aeration of these samples produced no changes in

them as determined by the method of testing.

Swayze supplied the writer with a sample of

the clinker ground dry without calcium sulfate.

This was tested as received and after aeration in

laboratory air for 48 hr. The latter was tested

with 2 percent SO3 added as powdered gypsum
and with 2 percent freshly burned CaO. The
results were as follows:

Penetration—mm
Sample Additions Water

Init. 5 8 11 Remix
min min min

%
A—As Received None 32 50+ 50+ 37 2 50+
B—Aerated 48 hr._ None ... 32 50+ 6 1 1 50+
C—Aerated 48 hr- . 2%S03--- 32 60+ 11 1 0 50+
D—Aerated 48 hr.. 2% CaO... 32 50+ 37 3 1 50+

The A and B samples were tested to determine
the rate at which they combined with CaCl2 by
shaking 200 g with 150 ml of a 3 percent CaCl2
solution. The results were as follows:

Sample

Grams CI2 combined for 100 g
of clinker in time indicated

1 min 3 min

A—As Received 0. 003
.002

0. 002
.002B—Aerated 48 hr_._

Swayze concluded from his studies that aeration

increased the reactivity of the crystals of

3CaO-Si02 toward water. The results of the tests

with the reaction toward CaCla indicate that the

aluminate phase combined with this salt at a

very slow rate. It is believed that this cement
should react with CaClg because Swayze (personal

communication) says that this cement combines
with about 2.5 percent SO3 in 24 hr.

Following this work by Swayze, tests were
made in our laboratories with a number of clinkers.

The clinkers were collected so that most of them
did not come in contact with any water. These
were then ground in a cold laboratory mill with
gypsum. The freshly ground and aerated ce-

ments were tested by the extraction test for an
indication of whether or not gypsum would pre-

cipitate from the liquid phase of the cement
pastes, and for false set by ASTM Method C 359.

The results for false set are given in table '1.

The results of the extraction tests did not
indicate presence of either dehydrated gypsum or
of excessive amounts of alkali sulfates in any of

these cements. There is no reason to believe
that more than traces of dehydrated gypsum
could have formed dui-irig the giinding of these
cements.
The results of the false set test show that some

of the freshly ground samples stiffened somewhat
during the test. For example, the penetration at
the 11-mm period was 28 mm for sample B-1. It

is believed that some stiffening in this test can be
classed as normal stiffening for some cements.
A number of the cements show some stiffening

during aeration. In some cases, the stiffening pro-

duced in 24 hr of aeration was not present in the
cement which was aerated for 48 hr. Swayze and
others claim that this happens frequently.

In this study, this type of false set was obtained
with Types 1, II, and III cements. Hence, it does
not appear to be characteristic of any one type of

clinker.

One must remember that grinding at tempera-
tures below about 200 °F is never done commer-
cially and that results similar to those obtained
with cements ground at low temperatures may
never be obtained in practice. This might be
particularly true if the clinker contains some water.

Many people have felt that water released from
gypsum during grinding and storage has an influ-

ence on the behavior of the cement.
Takemoto, Ito, and Hirayama [18] obtained the

data given in table 3 for cements aerated for 0,

5, and 15 hr.

A general statement by these authors regarding
gypsum is as follows: "Gypsum shows a remark-
able effect as a grinding aid. It seems to reduce
cement coating on grinding media, flakes in ce-

ment, and total grinding time at temperatures
below 105 °C (221 °F)."

They found that cements ground below 105 °C
with gypsum, as compared with cements ground
above 105 °C had many more medium size par-

ticles (between 15 and 40 m), less tendency to false

set by aeration, and greater mortar strength.

Regarding false set, they state "Generally,

cement ground at 20 °C had slight tendency to

false setting, and even cement ground at 20 °C
with hemihydrate showed normal setting after

aeration for 15 hr. Cement ground at 20 °C
with dihydrate had scarcely any tendency to false

set by aeration. These cements ground at 85 or

105 °C with dihydrate had a tendency to false set

by aeration, but the tendency disappeared after

aeration for 15 hr. Cement ground at 130 or

150 °C with natural gypsum had a remarkable
tendency to false set by aeration. The tendency
to false set when ground at 85 or 105 °C with

hemihydrate was similar to that of cement ground
above 130 °C with gypsum."

"The poorer the particle size distribution of

cement, the greater the tendency to false setting

by aeration, even for cement ground at 20 °C
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Table 2. Data for clinkers ground in a cold mill unth gypsum to give SO3 contents of approximately 2.0 percent

Data for clinker

Sample Type SO3 K2O NazO Loss on
ignition

Initial 6 min 8 min 11 min Remix

% % % %
A-1 I 0.03 0.41 0. 13 0.30 50 60 60 60 50

50 47 46 43 60
50 38 31 16 50

A-2 II 0. 17 0. 36 0. 09 0.39 60 50 50 60 60
60 50 50 50 60
50 50 60 44 50

A-3 III 0. 10 0. 28 0. 10 0. 72 50 50 50 60 50
50 13 7 5 60
50 50 46 38 60

B-1 I 0. 53 0.56 0. 10 0. 12 60 50 32 28 60
50 42 15 8 50
50 38 15 5 50

C-1 I 0. 35 0.63 0. 36 0.75 50 43 40 39 50
45 24 10 5 24
50 41 28 12 44

C-2 II 0.63 0. 79 0. 22 0. 36 50 50 60 45 50
60 46 12 8 60
50 46 34 10 60

D I 0. 49 0. 11 0.10 0. 03 60 50 60 60 60
60 60 41 39 60
50 50 60 50 60

E I 0. 09 0. 39 0. 24 0.22 60 50 46 44 50
50 60 43 41 60
60 46 42 38 SO

F I 0.11 0. 46 0.11 0. 53 50 50 60 42 50
3 1 0 0 50
16 8 7 5 50

Q I 0. 48 0.08 0. 14 0. 05 60 44 40 37 60
60 50 60 48 60
50 60 44 44 60

H-1 I 0. 87 0. 49 0. 10 0. 10 60 50 50 50 60
33 6 2 1 50
60 60 50 60 50

H-2 II 0. 90 0. 47 0. 08 0. 26 50 50 50 60 50
4 2 1 1 50

50 50 50 39 50

I III 0. 46 0. 77 0. 25 0. 64 50 60 50 50 50
60 60 50 60 60
60 50 47 34 50

Data for penetration test penetration—mm >>

" Letter Indicates plant.

>> First line original cement; second line cement aerated 24 hr; third line cement aerated 48 hr. Types I and II

cements tested with 30 percent water; type III cements tested with 32 percent water.

with gypsum. Therefore, we must conclude that
not only the extent of the dehydration of gypsum
but also the size composition of the cement
affects its tendency to false set by aeration."

It appears that it is not possible to predict

what aeration might do. In an experiment in

our laboratories, a clinker was ground without
water in a mill at about 200 °F with natural
anhydrite equivalent to 2.0 percent SO3 (cement
A). A similar grind was made, except that 2.0

percent water was added to the mill as grinding
was started (cement B). These were tested for

false set as follows:

1. A as ground
2. A+2.0 percent SO3 as gypsum
3. A aerated 48 hr
4. B as ground
5. B+ 0.5 percent SO3 as plaster of Paris

6. B aerated 48 hr

The results with ASTM Method C 359 were
as follows:

Cement Water
Penetration--mm

Initial 5 min 8 min 11 min Remix

%
A — No water in mill

As ground 30 27 12 3 3 10

2.07o SO3 as gyp-
sum 30 50+ 41 30 16 50+

Aerated 48 hr 30 (»)

B — 2.0% Water added
to mill
As ground 30 40 9 3 2 6

0.5% as plaster..

_

30 50+ 60+ 60+ 50+ 50+
Aerated 48 hr 30 C)

» The mortar became dry and crumbly in the mixer and the temperature
rose from 71 to 95 °F and from 71 to 84 "F for cements A and B, respectively.

These results indicate that the original cements
were flash setting because the anhydrite could not
dissolve fast enough to react with the 3CaO-Al203.
The addition of 2.0 percent of SO3 as gypsum to

cement A almost eliminated the flash setting and
the addition of 0.5 percent SO3 as plaster of Paris
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Table 3. Data from paper by Takemolo, Ito, and Hirayama

Cement
No.b W/C

Penetration—mm
Aeration " 5 hr Aeration 15 hr

W/C
Penetration—mm

W/C
Penetration

—

mm

Init. 5 min 10 min Init. 5 min 10 min Init. 5 min 10 min

% % %
1 23.9 35 29 26 24. 5 34 1 1 24. 2 35 25 15
2 23.

6

33 6 6 24. 8 34 2 2 25.0 34 6 5
3 24.

3

35 8 4 25. 0 15 1 1 25. 0 34 2 1

4 23. 5 36 21 8 24.3 34 3 1 24.3 35 1 1

5 23.

1

36 23 24 23. 9 34 1 1 24.0 37 1 1

6 25.8 35 31 33 27. 0 35 28 32 27.8 36 30 18
7 24. 5 35 32 29 25. 8 34 6 5 26. 5 36 31 23
8 25. 5 36 35 36 26. 8 7 3 4 25.0 35 27 15
9 24.

3

34 14 14 26. 0 8 4 5 24.2 34 \ 1

10 24.

0

36 12 16 25. 5 9 4 4 24. 5 34 0 0

11 28. 5 32 8 2 29. 5 38 17 9 29. 5 8 3 2
12 26.

0

33 1 0 28! 0 35 0 0 27'. 8 30 3 2
13 25.0 34 30 30 26.3 33 15 14 26.0 35 29 24
14 24.2 35 16 12 24.5 6 0 0 25.0 34 1 0
16 24.2 34 30 20 25.3 34 11 7 26.0 37 31 26
16 23.7 36 16 4 23.0 35 0 0 24.0 35 1 0
17 26.3 34 33 30 27.4 33 27 23 28.3 35 33 28
18 24.2 22 12 12 25.0 15 1 0 25.8 25 6 5

» Aeration layers 2 mm tliiclc exposed at temperature of 20 °C and relative humidity of 85 percent.
Blaine surfaces varied between 3500 and 3400 cm^/g.

to cement B did eliminate the flash setting.

Aeration appears to have greatly increased the
reactivity of the 3CaO-Al203 toward water in

both cements.
The composition of this clinker was as follows

:

Complete oxide analysis—percent
Free
CaO—
per-
centSi02 AI2O3 Fe203 CaO MgO MnO SO3

Loss
on ig-

nition
Total

22.9 6.0 2.5 64.3 3.0 0. 54 0.23 0.11 99.58 0. 88

Calculated compound composition

—

percent
Allcalies—percent

C3S C2S C3A C4AF CaSOi K2O Na20 Total Na20
Equiv.

43.0 33.3 11. 7 7.6 0.4 0. 33 0. 17 0. 50 0. 39

Clinker of similar composition was ground in a
commercial mill under conditions that were
expected to dehydrate some or all of the gypsum.
This cement was tested as received and, then, a
sample was aerated for 24 hr. Samples of the

aerated cement were stored in sealed containers
for tests at later ages to determine whether or
not the false set would disappear with age when
not exposed to air and moisture. The cements
were tested for false set by ASTM Method C 359
and extracts of slurries of 200 g of cement in 150
ml of water shaken for 1-, 3-, and 10-min periods
were analyzed for SO3, CaO, and (0H)2, and the
equivalent Na20 content was calculated. The
results of these tests are shown below.
The liquid phase of the paste of the cement as

received was highly supersaturated with respect
to gypsum at the 1-min period but only slightly,

if at all, at the 3- and 10-min periods and the
cement showed no false setting tendencies. The
liquid phase of the pastes made with the cement
after aeration for 24 hr and with the aerated
cement stored for periods up to 4 weeks was
highly supersaturated with respect to gypsum at

both the 1- and 3-min periods. These results

indicate that aeration decreased the rate at which
the cement could combine with SO3. Storage of

the aerated cement in sealed containers up to 4

weeks did not change the cement with respect to

its ability to combine with SO3.

Extraction data for period indicated—moles/liter

Sample ^ Storage,
vv^eeks

1 min 3 min 10 min
Initial 6 min 8 min Remix

S03>= NajO NajO S03'> Na20

c None 0. 0347 0. 0163 0. 0210 0. 0127 0. 0188 0. 0172 50 50 50 50
D None 3 0 0 50
E 1 .0442 .0141 0. 457 .0170 .0207 .0175 2 0 0 50
F 2 .0419 .0150 .0376 .0177 .0210 .0193 3 0 0 50

3 .0432 .0153 .0380 . 0169 .0214 .0182 3 0 0 50
H 4 .0430 .0155 .0373 .0171 .0208 .0186 3 0 0 50

Penetration data—mm

» C= Sample as received; D is C aerated 24 hr; E to H are D stored for weeks indicated,
b SO3 at equilibrium should be about 0.019 moles/liter.
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When a cement shows flash set, it is generally

assumed that this is the result of a rapid reaction

of 3CaO-Al203 with water. However, the tests by
Gilliland, Hansen, and Manabe indicate that the

reactivity of the 3CaO-Al203 with calcium sulfate

and chloride is decreased when the cement is

aerated. This, of course, does not necessarily

show that the reactivity of the 3CaO-Al203 with
water has been decreased by aeration. Swayze
showed that aeration caused flash set with a

clinker that contained no calculated 3CaO-Al203
and assumed that aeration increased the reactivity

of the 3CaO-Si02.
The fact that pastes of cements A and B made

with clinker and natural anhydrite after aeration

for 48 hr became extremely hot and crumbly,
whereas the pastes of the cements before aeration

showed milder flash set indicates that aeration

increased the reactivity of the 3CaO-Al203 toward
water. Actually, the reactivity of the 3CaO-Al203
toward water may not have been increased but the

ability of the natural anhydrite to retard the
reaction of 3CaO-Al203 with water probably was
decreased. These results indicate that, in the

cases cited, where the rates at which the cements
combine with sulfate and cliloride were decreased,

the ability of the 3CaO Al203 to react with sul-

fate and chloride had been decreased.

Hansen [34] concluded from work reported in

1958 that aeration by reducing the rate at which
the cement combined with calcium sulfate per-

mitted the dehydrated gypsum to precipitate as

gypsum and produce false set. Actually, the

precipitation probably was largely responsible for

the rapid stiffening but its effect may have been
augmented by a rapid reaction of the 3CaO-Al203
with water.

This raises the question as to why aeration

either increases the reactivity of 3CaO-Al203
towards water or decreases the ability of calcium
sulfate to combine with 3CaO-Al203 and prevent
flash set. Hansen [46] has postulated that Ca+'''

and 0~ ions in the surfaces of 3CaO-Al203 crystals

can chemisorb water molecules from which H"*"

and 0H~ ions migrate into the crystals and split

off Ca(0H)2 and rearrange the ions in the crystals

to form 2CaO-Al203-J'H20. It is conceivable that
these partially reacted crystals cannot chemisorb
SOr and Cl~ ions and, accordingly, cannot
react with calcium sulfate and calcium chloride.

It is also conceivable that these partially reacted
crystals can chemisorb H3O"'" and 0H~ ions and,
in that way, react rapidly with water. In general,
cement appears not to become very badly flash
setting upon aeration and, since prolonged aera-
tion often destroys the flash setting tendencies
developed by shorter periods of aeration, it

appears that the reaction with H+ and 0H~ ions
either from water vapor or from liquid water
tends to form a layer of hydrated material on
the surfaces of the crystals that retards further
reaction.

Swayze suggested that the reactivity of the
3CaO-Si02 with water is increased by aeration.
However, it seems from these new data that the
reactivity of the calcium aluminoferrite phase may
have been increased by aeration and that the fast

stiffening was caused by a rapid reaction of this

phase with water and not by increased reactivity
of the 3CaO-Si02. The data from our labora-
tories given in table 2 show that some Type II

cements develop false set when aerated and indi-

cat.e that both 3CaO-Al203 and the calcium
aluminoferrite phase can be modified by chemi-
sorption of water vapor so that their reactions with
water cannot be retarded by calcium sulfate.

Cement technologists have long known that
aeration produced false set in some cements. It

seems that the scarcity of data bearing on the
mechanism of this behavior probably resulted
from the lack of methods of detecting what might
be called mild cases of either flash or false set.

ASTM Method C 359 appears to be able to detect
very mild degrees of fast stiffening and has given
investigators a tool by which the stiffening

characteristics of cements can be studied in more
detail.

There is a need for additional work to determine
the exact mechanism by which aeration causes

false set. However, it seems from a practical

standpoint that the false set that causes trouble

in the field is produced by dehydrated gypsum,
because it appears that cements will seldom be

aerated sufficiently to become false setting from
the aeration reaction. It should be pointed out,

however, that there is a great need for the samplers

and testers to handle their samples in ways that

do not permit aeration to develop false set in

samples when the cements are not false setting.

Summary

Since the time of the First International Sym-
posium on the Chemistry of Cement, progress re-

garding false set seems to have been as follows:

1. Uapid stiffening of cement pastes has been
separated into (a) flash set produced by
rapid reaction of 3CaO-Al203 with water;
(b) false set produced by crystallization

of gypsum.

2. A number of suggested causes of false set

such as rapid absorption of water by
clusters of cement particles, formation
of alkali carbonates during aging, and
so forth, have been considered and
discarded.

3. Several methods of testing for false set

have been developed.

402
1



4. Most evidence points to the conclusion

that false set in commercial cements is

almost entirely the result of dehydrating
gypsum to either or both hemihydrate
and soluble anhydrite during either or

both grinding and storage.

5. A new problem has been created by the

finding that aeration produces a false set

that is not connected with dehydrated
gypsum.

The writer wishes to express his appreciation
to the management of the United States Steel
Corporation and the Universal Atlas Cement
Division for permission to publish tiiis paper and
to his colleagues in the research laboratories for
their assistance in its preparation.
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Discussion

Toshio Manabe

Cement chemists may be interested in the
problem of false set in cement, not only because it

causes troubles in the field, but because it gives

man}' important suggestions to study the reaction

of the initial hydration period of cement.
I agree with Dr. Hansen in considering that

"the crystallization of gypsum from cement paste
is the principal cause of false set in commercial
cements." However, as to the consideration of

mechanism of false set, there are some questions
on which I cannot agree. Especially I would not
support Dr. Hansen's theory that in fresh cement
C3A combines with calcium sulfate at a rate which
permits the crystallization of little, if any, gypsum
in the paste, whereas aeration retards the rate of

combination and consequently increases the

amount of crystallization of gypsum.
In my experiments [1], it was found that a fair

amount of calcium sulfate was rapidly combined
with cement in the first few minutes and then the

rate of combination became very slow. The time
at which the rapid combination of calcium sulfate

with cement began was delayed a few minutes by
aeration, but the amount of calcium sulfate

rapidly combined was nearly equal to that in the

unaerated cement, as shown in figure 1. That is,

by aeration, the time at which the rapid combina-
tion of calcium sulfate with cement occurs is

shifted, but the amount of calcium sulfate rapidlj^^

combined within the first 10 min or so is scarcely

decreased.

It seems that these results are considerably
different from that obtained with CaCl2 by the
author. It is probable that the reactivity of

aerated clinker compounds towards calcium sulfate

may be much greater than that towards calcium
chloride.

2.0-1

0 5 10

T i me, min

Figure 1. Amount of SO3 combined as sulfoaluminate
during the initial hydration period.

(Total SO3 of tbe cement, 2.22%; W/C = 50%)

Now, let us consider a cement which contains
2.0 percent SO3, for example. When the un-
aerated cement is mixed with water, 0.6-1.0
percent SO3 would be rapidly combined with
cement in a few minutes, and the rest, 1.0 percent
or more SO3, may be precipitated as dihydrate,
if all SO3 is present as dehydrated gypsum.
Therefore, even in the fresh cement, a tendency
to false setting would be expected. But in

practice the cement probably would not show
any false-setting tendency. What can be the
reason?

If the gypsum in cement is only partly de-
hydrated during grinding and about 1.0 percent
of SO3 is present as gypsum, and if the dehydrated
gypsum preferentially combines with cement,
false set would not appear in the unaerated
cement. As will be mentioned later, however,
if gypsum remains partly unchanged in cement,
it acts as crystal nuclei and effectively accelerates

the rate at which the dehydrated gypsum con-
verts to dihydrate. In this case, it seems that
the precipitation of gypsum takes place during
mixing, and then false set would not appear
even if the cement is aerated.

From the data reported by Takemoto, Ito,

and Hirayama [2] and Murakami [3], it is con-
ceivable that gypsum in commercial cement is

nearly completely converted to hemihydrate and,
in some cases, even to soluble anhydrite during
grinding. However, since soluble anhydrite has
a very strong hygroscopic property, it reconverts
easily to hemihydrate when exposed to air.

Accordingly, it may be regarded as pretty certain

that in most commercial cements, almost all

calcium sulfate may be present in the form of

hemihydrate.
From results of many penetration tests I

came to the following conclusion:

Almost all commercial portland cements have
a tendency to stiffening caused by dehydrated
gypsum at a certain period after contact with
water, and the stiffening is fully developed within
a few minutes. The rate of development of

stiffening may be pictured as in figure 2. If the
paste is mixed until the time denoted by "e" in

the figure, the stiffening tendency does not appear,

because the structure formation which causes

a bed e

Time
Figure 2. Rate of development of stiffening.
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Cemenf A Cement B

O 5 10 15 20 O 5 10 15

Time after contact witti water, min

Figure 3. Effect of mixing time on development of stiffening.

the stiffening of the paste is destroyed by mixing.

If the paste is mixed until "a", the stiffening is

fully developed and if mixed until "b", "c", or

"d", the stiffening is partly developed.

Figure 3 shows examples of the results of

penetration tests which were carried out in neat
cement pastes of approximately normal con-

sistency by varying mixing time. In the case

of cement A, "a" in figure 2 corresponds to 1

min, "e" corresponds to 6 min, and "b"-"d"
correspond to 2-5 min. In cement B, the

stiffening was developed immediately after mixing
with water, and 3-min mixing corresponds to "e".

Further, the results of experiments on the

chemical compositions of extracts from paste

and also on the amount of SO3 combined with
cement permitted the drawing of a diagram,
figure 4. This figure shows the distribution

of SO3 among the various forms in paste. When
unaerated cement is mixed with water, the com-
bination of SO3 with cement immediately takes
place, and the precipitation of gypsum follows

at once; this process is shown by the solid line

in the figure. But the time taken for this rapid
combination and precipitation to begin ("a" in

the figure) is progressively increased by aeration,

as shown by the broken line. In comparison
with the results of the penetration test, it is

found that the time at which the stiffening occurs

corresponds to that at which the combination
and the precipitation rapidly appear.

Therefore, even if all the gypsum is converted
to dehydrated gypsum, in the unaerated cement,
the precipitation of gypsum takes place completely
during mixing, the structure formation does
not develop in the paste, and a tendency to false

setting is not observed. If the precipitating

time is delayed by aeration, however, the pre-

cipitation of gypsum occurs partly or wholly
after mixing is completed, and the stiffening

appears.

From these considerations it seems important
to know when the precipitation of gypsum occurs

after mixing with water. In the case of commer-
cial plaster of Paris, the precipitation of gypsum

cab
Time

Figure 4. Distribution of SO3 among the various forms.
Solid line, fresh cement; broken line, aerated cement; H, hemlliydrate; Gi

gypsum; C, calcium sultoalummate; L, liquid phase.

usually occurs at about 15 min after contact
with water. Plaster of Paris is commonly manu-
factured by the "kettle process", in which gypsum
is almost converted to soluble anhydrite during
heating and then reconverted to hemihydrate
by the process of aging. However, it was found
that when gypsum was converted only to hemi-
hydrate or partly to soluble anhydrite by heating
at rather lower temperature, the dehydrated
gypsum reconverted to gypsum 4 or 5 min after

contact with water. If gypsum was almost
completely converted to soluble anhydrite, the

reconversion to gypsum was retarded progres-

sively, and even if the soluble anhj^drite was
converted to hemihydrate by exposing to air,

the time at which the precipitation of g3'psum
occurred was almost unchanged, as in the case

of commercial plaster of Paris.

By adding pulverized cement clinker, the set-

ting time of plaster of Paris is considerably ac-

celerated. This result indicates the ability of the

clinker to accelerate the precipitation of g^'psum.
This could be the reason why fresh cement in

which all of the gypsum is converted to dehydrated
gypsum does not manifest false-setting tendency.
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When the cement is aerated, the accelerating

abihty of chnker is wealvened, so that the pre-

cipitating period of gypsum is delayed and false

set appears.
Then, what part of the clinker acts as the accel-

erator? It is likely that the formation of the high-

sulfate form of calcium sulfoaluminate gives rise

immediately to the precipitation of gypsum.
The author has postulated that 2CaO-Al203-

XH2O is formed by aeration and that it cannot
react with calcium sulfate. In this connection
it would be interesting to note some results ob-

tained in my experiments. A portion of cement
which did not manifest false set was exposed to

air which had been passed through dilute sulfuric

acid solution to regulate the humidit3^ (The
relative humidity was about 60 percent.)

Another portion of the cement was exposed to

air which was passed through potassium hy-
droxide solution first to remove carbon dioxide

and then through the sulfuric acid solution. The
results of penetration tests with these aerated

cement were as follows:

Aerated with air con-
taining CO2

Aerated with air not
containing CO2

penetration—mm penetration—-mm

Init. 5

mln.
10

min.
Init. 5

min.
10

min.

As received 35 34 35
Aerated 12 hr. 34 1 2 36 35 35

Aerated 24 hr.-. 35 3 1 34 35 35

These results show that if the air does not con-

tain carbon dioxide, false set does not appear
by aeration. Therefore, it is probable that the

products formed by hydration and subsequent
carbonation play an important role in the false-

setting phenomena caused by aeration.

It is well known that an addition of a small

amount (0.1 percent or less) of alkali carbonates
to a cement produces early stiffening of the paste.

The author states that alkali carbonates precipi-

tate calcium carbonate which might, in itself, cause
stiffening of the paste just as the precipitation of

gypsum does. But it seems to me that the
amount of calcium carbonate precipitated is too
little to make the paste stiffen.

Murakami [4] showed that addition of chemi-
cals which acted as retarders of setting of dehy-
drated gypsum produced a tendency to false

setting in cement paste, and concluded that
alkali carbonates which retarded the precipi-
tation of gypsum were formed in cement by
aeration, and early stiffening resulted.

When alkali carbonates were added to cement
paste, the rate of combination of SO3 with the
cement was decreased as in the case of aeration
(fig. 1). But this similarity does not necessarily
indicate that alkali carbonates are formed in

cement by aeration. As mentioned by the author,
it is probable that very little, if any, alkali car-

bonate is formed by aeration. Then I would
rather consider that the addition of alkali car-

bonates and aeration act similarly only in the
retardation of the rate at which SO3 combines
with the cement.
When a small amount of calcium lignosulfonate,

which is often used in the field as dispersing
agent or retarding agent, was added to cement
pastes, a tendency to false setting appeared as

shown in figure 5. In this case it was also found
from the results of extraction tests that the rate
of combination of SO3 with cement was reduced
by addition of calcium lignosulfonate and the
precipitation of gypsum was retarded.

Another experiment on the ability of C3A to

accelerate the precipitation of gypsum also showed
that the ability was reduced by aeration. The
C3A used in the study was prepared from reagent-
grade calcium carbonate and aluminium oxide
and, consequently, contained only a trace of

alkali. Hence, it is clear that the reduction of

the accelerating ability of C3A is not caused by
the formation of alkali carbonates.

Accordingly, it seems that the following con-
clusion could be drawn, that is, any conditions

which retard the combination between calcium
sulfate and cement have a tendency to produce
false set.

In the next place, I should like to consider

the degree of early stiffening of the paste. If

5

s;

0-1

I
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2 0-

30-

40
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n
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\ \ r
0 5 10 15 20 0 5 10 15

T/me after mixing is completed, mln

Figure 5. Effect of addition of calcium lignosulfonate.
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the precipitation of gypsum causes the early
stiffening, the degree of stiffening may be pro-
portional to the amount of gypsum precipitated
after mixing is completed.
The case of cements in which gypsum is com-

pletely dehydrated will be first considered. In
these cases it is conceivable that if the precipita-

tion of gypsum wholly occurs after mixing is

completed, the degree of stiffening is at its maxi-
mum for the cement and may depend on the
amount of SO3 which does not rapidly combine
with cement at the initial hydration period and
precipitates as gypsum. This hypothesis may
be confirmed by the following experiments.
Two grinds were made with a commercial

Portland cement clinker and a natural rock
gypsum. The first one had an SO3 content of

about 0.7 percent, the second about 2.0 percent.
The cements were then blended to obtain the
desired intermediate SO3 contents. Six cements
thus obtained were heated to 140 °C for 2 hr to

completely dehydrate the gypsum, then they
were aerated for 2 days in small paper bags.

Penetration tests were carried out for these
cements using the Vicat apparatus. For the
purpose of determining the maximum degree of

stiffening, the pastes were mixed for Iji min
and then molded into the Vicat ring and tested

for depth of penetration of the 10-mm plunger
and the 5-mm plunger.
The results are given in figure 6.

Cement No. 1 showed a quick set accompanied
by the evolution of considerable heat. Cement
No. 2 did not manifest a tendency to false set.

Cement No. 3 and the rest manifested the
tendency to stiffening, and the degree of stiffen-

ing increased with the SO3 content.
The amount of SO3 which does not rapidly

combine with the cement during the initial

hydration period can be estimated by extracting

the paste with lime solution. The results of

the extraction tests on the pastes at the age of

20 min were as follows

:

Cement No. 1 2 3 4 5 6

SO3 content In cement
percent of cement.. 0.70 0. 79 1.00 1.21 1. 56 2. 13

Extracted SO3
percent of cement.. 0. 07 0.08 0. 25 0. 61 0. 84 1.40

Combined SO3 as sul-

foaluminate
percent of cement. . 0.64 0.71 0. 75 0. 70 0. 72 0.73

The amount of SO3 precipitated as gypsum can
be estimated by subtracting the amount of SO3
present in the liquid phase of the paste from
the amount of extracted SO3. The amount of

SO3 present in the liquid phase depends on the
concentration of alkali in the liquid phase. In
the case of the clinker used in the study the
amount of SO3 present in the liquid phase was
estimated to be about 0.08 percent. These
values represent the amount of SO3 at the time
"b" in figure 4.

/ 0 mm Plung«r 5 mm Plunger

0 5 10 15 0 5 10 15

Time after mixing is completed, min

Figure 6. Effect of calcium sulfate content.

(Numerals in figure represent number of cement In table.)

From the table, it seems that the clinker used
required about 0.75 percent of SO3 for normal set.

Hence the quick set shown in cement No. 1 was
caused by the lack of SO3. It also was clearly
found that in cement No. 2 which did not show
the stiffening, there was precipitation of little, if

any, dihydrate, and that in cement No. 3 and the
rest, the degree of stiffening increased nearly
proportionally to the amount of precipitation of
gypsum. Furthermore, it seems that the depth
of penetration of the 10-mm plunger in paste is

considerably prevented by the precipitation of

gypsum equivalent to only 0.2 percent of SO3.
When gypsum in cement is not completely

dehydrated, that is, the calcium sulfate is a mix-
ture of gypsum and dehydrated gj^psum, the
manner in which the dehj^drated gypsum may
behave during the fii'st few minutes of the initial

hydration period will be considered with an
example.
A cement was prepared from a commercial

clinker, gypsum, and hemihydrate labeled with
S-35. The cement contained 2.32 percent oi

SO3, which was made up of 0.14 percent from the

clinker, 1.02 percent from the gypsum, and 1.06

percent from the labeled hemihydrate. The
specific activity of SO3 of the hemihydrate used
in the study was 212.5 reg/min (register of 256
scaler), and the specific activity of the SO3 in the
cement was calculated to be 97.1 reg/min. One
g of the cement was mixed with 0.5 ml of distilled

water, and after 10 min it was shaken with 100
ml of lime solution for 4 min. Then the slurry

was filtered on a Buchner funnel, and from 20 ml
of the filtrate SO3 was determined and from 70
ml the specific activity of SO3 was determined.
The activity of SO3 in the filtrate was 84.2 reg/min,
and the amount of SO3 e.xtracted was 1.70 percent.

Consequently, the amount of SO3 rapidly com-
bined with cement within 10 min was 0.62 percent.
From these data, it was calculated that 0.23
percent SO3 from the gypsum and 0.39 percent
SO3 from the hemihydrate were combined vnih
the cement within 10 min and also that the
amount of hemihydrate preferentially combined
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with cement was only 0.23 percent as SO3. Since
the alkaU content (R2O) of the liquid phase at the

age of 10 min was about 60 mM/1, 43 mM SO3
should be contained in the liquid phase, corre-

sponding to 0.17 percent of the cement.
From the result it is probable that when the

cement comes in contact with water, the dehy-
drated gypsum preferentially dissolves but imme-
diately transforms to dihydrate owing to the

coexisting gypsum which acts strongly as crystal

nuclei, and after that, the cement reacts at first

with the SO3 left in the liquid phase, which comes
from dehydrated gypsum, and then the successive

reaction occurs with the gypsum which is com-
posed of gypsum present from the first and
dihydrate precipitated from dehydrated gypsum.
When the cement is not aerated, the reactivity of

the cement is so strong that the amount of

hemihydrate preferentially combined with the

cement may be somewhat increased.

The effect of gypsum as crystal nuclei, of course,

depends on the proportion of gypsum to dehy-
drated gypsum. If the proportion of gypsum is

less than 25 percent of the total SO3, the effect

of the gypsum is obviously reduced.
The foregoing considerations about false set

caused by the dehydrated gypsum may be briefly

summed up as follows

:

Gypsum in cement is usually dehydrated, during
grinding, almost all to hemihydrate or even
partly to soluble anhydrite. Such a dehydrated
gypsum ought to reconvert to dihydrate in about
5 min after contact with water. But in case of

cement, clinker, probably the aluminate phase,
accelerates the precipitating period of gypsum
to within 3 min. Hence, the structure developed
by the precipitation of gypsum is destroyed by
mixing, and the false-setting tendency does not
appear. However, by aeration the accelerating

ability of clinker is reduced and the precipitation

of gypsum wholly or partly occurs after 3 min.
Consequently, the structure formation develops
after mixing is completed and the stiffening

appears. If almost all the gypsum in the cement
is dehydrated to soluble anhydrite owing to the
high grinding temperature, it would be expected
in some cases that clinker could not accelerate the
precipitating period of gypsum to within 3 min;
then even a fresh cement would manifest the
false-setting tendency. If the grinding tempera-
ture is so low tha t 25 percent or more of the gypsum
remains undehydrated, the undehydrated gyp-
sum acts as crystal nuclei and accelerates the
precipitation of gypsum. Hence, even the aerated
cement does not manifest the false-setting

tendency.
Therefore, in consideration of the false-setting

phenomenon, the time at which the precipitation
of gypsum occurs and the amount of gypsum
precipitated are the important factors. The
former depends on the degree of dehydration the
gypsum is subjected to during grinding or storage
and also the accelerating power of clinker for the
precipitation of gypsum.
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Discussion

p. Seligmann and N. R. Greening

The purposes of this discussion are to confirm
and to extend certain portions of the interesting
line of reasoning developed in the discussion by
Mr. Manabe.

The State of Hydration of Calcium Sulfate
in Cement

Mr. Manabe states ".
. . it is conceivable that

gypsum in commercial cement is nearly completely
converted to hemihydrate and, in some cases,

even to soluble anhydrite during grinding."
Data obtained at the Portland Cement Association
Laboratories indicate that, because of the effec-

tiveness of clinker as a dehydrating agent, this

conclusion is more likely to be valid than might
usually be supposed.
The technique used in these studies was the

determination of the evaporable and nonevapo-
rable water by the method of Copeland and
Hayes [1],^ involving drying at a water vapor
pressure of 0.5 /x (over ice at the temperature
of solid CO2). As a standard for comparison, the
room temperature dehydration of gypsum was
studied; a sample of Mallinckrodt Analytical
Grade gypsum (fine powder) was dried by this

procedure and then successively equilibrated at

36 and 50 percent relative humidity. As shown
in table 1, the gypsum loses well over 90 percent
of its water at 0.5 /x water vapor pressure;

consequently, if a cement containing calcium
sulfate dihj^drate were subjected to this drying
procedure, most of the hydrate water would be
classed as evaporable.

Table 1. Room temperature dehydration of gypsum

The mole ratio HjO/SOs in the following table was computed on the as-

sumption that the material after ignition at 950 °C was pure anhydrite.

Condition Mole ratio H2O/SO3

As received 1.964
0.083
.649
.663

Dried at 0.5 m water vapor pressure . _ _ _

Equilibrated at 36% relative humidity
Equilibrated at 50% relative humidity.

1 Figures in braoliets indicate the literature references at the end of this

paper.
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Evaporable water, nonevaporable water, and
carbon dioxide were determined on 26 of the
cements used in the Long-Time Study of Cement
Performance in Concrete [2]. These values were
then used in an analysis of the ignition loss of

each cement, which was also measured. Since
the S0.3 in the clinker is known for these cements
[3] the contribution of the water and SO3 by the
added calcium sulfate could be accounted for

separately. Table 2 shows, for each cement,
the total loss on ignition and the mole ratios

H2O/SO3 for the evaporable water and total

water in the cement based both on the total

sulfate present and on the added calcium sulfate.

It is apparent that in all cases the mole ratio

for the evaporable water is considerably less than
1.8-1.9, the range of values expected for dihydrate,
and in many cases is less than that expected for

the hemihydrate.
For reference, the last two columns of table 2

show the average and maximum temperatures of

the cements in the streams from the finishing mill

systems at the commercial plants where they were
prepared [4]. No definite relationship between
grinding temperature and water content is ap-
parent.

The cements of table 2 had been stored in sealed

containers for about 20 yr; it could be argued that

this storage provided an abnormally favorable
environment for the dehydration of gypsum by the

clinker.

Further evidence on this point was obtained
from tests made on four cements purchased from
commercial sources in the Chicago area. For these

cements, neither the grinding temperature nor
the SO3 content of the clinker was known. The
results, shown in table 3, do not differ appreciably
from those previously obtained.

X-ray diffraction patterns of the four commercial
cements were made. Hydration products were
detectable only in the pattern for cement 19737.

In addition to the lines for the clinker compounds
in this cement the diffraction pattern had a line

at 3. 50A, attributable to the anhydrite, and a line

at 4.90A, presumably due to calcium hydroxide.

These assignments were verified when a pattern

of the cement after heating at 600-650 °C for 12

hr showed a disappearance of the 4.90A line, an
intensification of the 3.50A line, and the presence

of other anhydrite lines.

The same four commercial cements were
examined petrographically.^ In all four samples,

the predominant form of calcium sulfate was the

hemihydrate. In addition, traces of anhydrite

and gypsum were found in cement No. 19737
and small quantities of calcium hydroxide in

cements No. 19737 and No. 19738. The petro-

graphic and X-ray examinations of No. 19737
thus appear to be relatively consistent. In the

interpretation of these results, it must be pointed

out that the crystal structure associated with

2 The petrographic examinations were made by J. E. Cox and B. Erlin

of the Portland Cement Association Petrographic Laboratory, whose as-

sistance is gratefully acknowledged.

calcium sulfate hemihydrate can be maintained
by calcium sulfate over a considerable range of
luoisture contents without any appreciable cliange
in optical or X-ray diffraction cliaracteristics [5, 6].

Attempts have been made to measure the rate
of dehydration of gypsum by ground clinker or
by cement directly. The process appears to bo
very slow unless ball-milling is used. Thus, a
sample of gypsum stored in a desiccator over
groimd clinker lost 0.1 percent of its water after
64 days at 70 °F.

Table 2. Water content of the long-time-study cements

Cement
No.

Loss on
ignition

Mole ratio H2O/SO3 based on Cement
temperature, °F

SO3 in gypsum Total SO3

Average
Maxi-
mum

Evap.
water

Total
water

Evap.
water

Total
water

Percent
11 0. 89 0.63 2. 80 0. 47 2.09 222 236
11-T . 86 1. 14 2.95 .84 2. 18 222 226
12 . 37 0. 00 0. 56 .00 0. 49 209 230
12-T . 58 .46 1.08 .43 1.01 229 245
13 1. 60 .88 3.92 .88 3.92 240 248

14 0. 83 .67 2. 10 .51 1.62 228 245
15-_ !95 1.20 2. 10 1.13 1.99 192 200
16 .70 0.62 2,02 0. 44 1.43 " 209, 215 « 226, 232
16-T .75 .83 2.05 .60 1.50 » 209, 215 » 226, 232
17 .37 .00 0. 47 .00 0. 41 b 247-264 >> 278-292

18.. 1.04 1.62 2.80 1.26 2.18 183 225
18-T..-_ 0.83 1.56 2. 50 1.19 1.90 ° 187, 125 « 200, 130
21 .69 0.68 2. 40 0. 57 2. 01 191 214
21-T .65 .54 2. 16 .45 1.82 209 221
22 .48 .41 0. 85 .38 0. 79 216 235

23 .42 .34 1.03 .30 .89 211 227
24 1.26 .85 3. 45 .61 2.46 107 113
25 0. 35 .42 1.03 .26 0.64 325 370
31 1.17 .35 1.83 .34 1.75 221 224
33 1.20 .00 2. 34 .00 2.04 « 235, 209 » 254, 225

34 1.34 .56 2. 95 .49 2. 61 178 225
41.. 1.05 .39 2. 43 .29 1.82 214 185
42 0. 67 .98 1.71 .85 1.49 168 242
43 .77 .60 1.86 .33 1.25 273 284
43A .71 .49 1.95 .36 1.42 259 274
51 .66 .23 1.33 .21 1.19 193 198

" Values for 2 mills used.
>> Range of values for 3 mills used.
= The second value is for a regrind.

Table 3. Water content of recently purchased cements

Lot No.

Mole ratio H2O/SO3 based on

Evaporable
water

Total water

19737 0.64 3. 06

19738 .70 1. 17

19739.. .55 1.48

19740 .79 2.04

The Role of Carbon Dioxide in Cement
Aeration

Recent work at these laboratories on the prop-

erties of calcium carboaluminate hydrate provides

a possible mechanism for the inactivation of the

surface of tricalcium aluminate dming aeration

of cement and also for certain effects of carbonate

ion in solution that have been previously discussed.

Results obtained with an X-ray technique indi-

cate that calcium carboalmninate is a material
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of exceedingly low solubility which can be formed
preferentially when tricalcium aluminate is hy-

drated in a solution containing both sulfate and
carbonate ions. The phenomenon has also been

observed in hydrating cement paste at a normal
water-cement ratio. Consequently, it is to be
expected that a chemical reaction of tricalcium

aluminate with carbon dioxide and moisture in

the atmosphere would produce a carbonated coat-

ing that would be unreactive toward sulfate ions

in solution. The experimental details are as

foUows.
Calcium carboaluminate hydrate, 3CaO-Al203-

CaCOs-lO.SHaO has an X-ray diffraction pattern

with a very intense line at 7.60 A which is easily

identified in carbonated samples of hydrated cement
paste. This intense line persists during drying and
has been observed in samples equilibrated over calci-

um chloride dihydrate. This diffraction line there-

fore provides a means for determining the presence
of the calcium carboaluminate phase.

Recently, several observers [7, 8] have noted the

formation of calcium carboaluminate hydrate
during the hydration of tricalcium aluminate in

the presence of solid calcium carbonate. It

appears, consequently, that calcimii carboalumi-
nate hydrate is less soluble than calcium carbonate.

In the present work, a mixture of equimolar
quantities of tricalcium aluminate and calcium
carbonate in a sodium sulfate solution was agitated

continuously on a rotating wheel. After 10 days,

an X-ray pattern of the solid phase showed the

presence of a large quantity of calcium carbo-
aluminate hydrate and no indication whatever
of the calcium carbonate or tricalcium aluminate
originally present. Lines also appeared for both
forms of calcium sulfoaluminate hydrate and for

tetracalcium aluminate hydrate, but all these

lines were quite weak. It may therefore be con-
cluded that the carbonated compound forms in

preference to the other reaction products and is

definitely less soluble than calcium carbonate.

In order to study this phenomenon in relation

to cement hydration, a paste was made with
Long-Time-Study cement No. 18 (C3A: 13.2%;
SO3: 1.8%) with 5 percent calcium carbonate at

0.50 water-cement ratio. This paste was moist
cured. At intervals up to 6 months, the super-
ficial layer was removed and X-ray diffraction

patterns were made of the underlying material.

Experience has shown that in the absence of the
calcium carbonate, the X-ray diffraction patterns
of pastes prepared in this manner would not
include the line for the calcium carboaluminate
hydrate. In the presence of the carbonate,
however, the line was quite intense. The pattern
also contained the main line for the high form of

calcium sulfoaluminate hydrate, rather than that
for the low form which would have been expected
in this case in the absence of the carbonate. The
result obtained verifies that the added calcium
carbonate reacted with the tricalcium aluminate
in the cement, but indicated that the specific

conditions were favorable for production of a
sulfoaluminate as well.

Finally, it can be seen that if larger amounts of

carbonate ion were present in solution, a rapid
reaction of these ions with the tricalcium alumi-
nate phase in cement would account for the

retardation of the reaction of cement with sulfate

ion that was postulated by Mr. Manabe.
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Discussion

Jean Laneuville

I think Dr. Hansen's paper has shown that the

fundamental mechanism by which some cements
become fast setting upon aeration is still obscure.

This problem is undoubtedly a real challenge to

the initiative of cement chemists for the coming
decade.

I wonder why some valuable contribution could

not be derived by tackling the problem under
another angle, say, the search for conditions under
which false-setting tendency cannot be developed.

In om- laboratory, we have made a few experi-

ments on this matter by using selected rotary-kiln

clinkers made under determined burning condi-

tions. Clinker A was made under normal burning

conditions. Clinker B, of a very high SO3 content,

was lightly burnt with a large excess of air prevail-

ing in the rotary kiln. These clinkers were ground
at 70 °F in a laboratory ball mill to a Blaine fine-

ness of 2750 cm^g. Four percent of gypsum was
added to clinker A before grinding, and the chem-
ical composition of the resulting cement A is given
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in table 1. The lightly burnt clinker was ground
without gypsum to give "cement" B. The fast-

stiffening properties of these cements were tested

according to the ASTM method C359 on the fresh

samples, on the samples heated in closed tin cans

to 293 °F during 6 hr, on samples aerated in the
laboratory air in one-half-inch layers for different

periods of time, and on samples heated 6 hr at

293 °F and subsequently cooled and aerated for

periods of 10 and 19 days.

The data shown in the table indicate that under
the test conditions, it was possible to produce fast

stiffening by heating or aerating cement A, but it

was impossible to develop the least stiffening either

by heating or aerating cement B. Although the

discrepancy between the oxide analysis of the two
cements is not large, their stiffening properties are

very dissimilar.

Of coiirse, as cement B contained no gypsum
and all the SO3 was presumably bound in the form

of potassium sulfate, sodium sulfate, and dead-
burnt anhydrite, it seems normal that no false set
could be induced by heatijig this cement. The
fact that cement B could not be made fast stiff-

ening by aeration under the same conditions wliich
rendered cement A false setting is somewhat
intriguing.

We came to the fact that two cements of quite
similar oxide composition, made from clinkers
burnt in the same kiln, with the same raw ma-
terials, thereafter ground in the same mill, aerated
under the same conditions do develop very dis-

similar fast-stiffening properties.

I wonder if these properties would not originate
to a large extent in the conditions prevailing in

the rotary kiln and cooler during the process of
biu-ning and cooling the clinker.

I would appreciate the author's comments on
this topic.

Table 1. Chemical composition and false-set test of two cold ground laboratory cements

Cements
Oxide analysis—

%

Calculated compound composition—

%

Ign. loss Si02 AI2O3 Fe203 CaO MgO SO3 K2O Na20 Free CaO C3S C2S C3A CiAF

A - 1. 14 21.68 4. 95 3. 38 62. 49 3. 05 2. 30 0. 67 0. 34 0. 39 45 28 7 10
11B 0. 13 21.58 4. 79 3.68 63. 47 3.08 2.50 0.68 0. 33 0. 73 49 25 6

ASTM method C359—30% water In mortar

Penetration—mm
Cement Condition

Init. 5 8 11 Re-
min min min mix

A Fresh- 50 50 50 50 50
A Heated 293 °F, 6 hr 60 0 0 0 50
A Aerated, 3 days 50 50 50 48 50
A Aerated, 5 days 60 40 39 10 50
A Aerated, 10 days 5 2 0 0 50
A Heated 290 °F, 6 hr, and aerated

10 days 38 0 0 0 50

B Fresh __, ... __ 60 60 50 50 50
B Heated 293 °F, 6 hr _. 60 60 60 50 50
B Heated 293 °F, 22 hr_ 50 50 60 50 50
B Aerated, 5 days 50 50 50 50 50
B Aerated, 18 days.. 60 50 50 50 50
B Aerated, 31 days 50 50 50 50 50
B Heated 293 °F, 6 hr, and aerated

19 days 50 50 60 50 50

Discussion

Renichi Kondo

The valuable paper presented by Dr. W. C.
Hansen explained systematically the causes of
false setting. I can agree with him that false
setting is generally due to the existence of dehy-
drated gypsum in cement, and that the false set
induced by aeration is partly due to inactivation
of the C3A which increases the amount of effective
dehydrated gypsum. I like to think, however,
that aeration reduces the reactivity of the C3A
not only toward sulfate but also toward water.

and that before aeration the paste of cement
containing C3A can be kneaded down almost to

the texture produced by the immediate hj'dration

during mixing, while after aeration the cement
hydrates a little after the mixing period and,

accordingly, the rapid setting may be brought

about. Then the expression, "Increasing of the

reactivity of C3A with water by aeration", seems
to be rather superficial.

In addition, the results of the determination of

setting time of the components of cement showed
that Ctj.2A2.2F, C4AF, and the glass phase in

clinker and its devitrified product set ahnost as

rapidly as C3A [1].
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Furthermore, he concluded that the formation
of alkah carbonate during aging is to be discarded
as the cause of false setting. It is considered
possible, however, that the alkali carbonate pro-

duced by aeration behaves as a retarder, under
the influence of calcium hydroxide, on the plaster

setting even if the amount of the carbonate is

very small. Decreasing the amount of alkali

sulfate in cement by aeration also retards the

plaster setting. If retarding action undesirably
prevents the setting of the plaster from taking
place during mixing, as mentioned by Messrs.
T. Yoshii and Y. Murakami [2], then false set

should appear. Of course, I believe as Dr. Hansen
does that the alkali carbonate itself is not the

main factor of false setting through the formation
of calcium carbonate.
The false setting on aeration can hardly be

explained by a single mechanism, because there

seem to exist so many factors and complicated
mutual interactions, for instance, some cements
give rise to complexity, showing the cycles found
by Mr. Miyatake [3] along with the progress of

aeration. The degree of false setting is changed
successively with aeration, i.e., in the first stage
it is very weak, in the second, intensive, in the
third, decreased, in the fourth, strengthened, and
finally the hardenability is lost.

Moreover, I have verified [4] that the velocities

of moisture absorption of the cement components
decrease in the following order: portland cement
clinker^dehydrated gypsum>C3A»C4AF, glass

phase in clinker, anhydrite, et cetera, especially in

the initial stage.

In some cases, sodium carbonate in such a

small amount as less than 0.1 percent remarkably
intensified the false setting, while the further
addition of about 5 percent of powdered C3A
weakened it to some extent. From the above
results, therefore, the effect of carbonation seems
to be much stronger than that of the aeration of

C3A, and also the moisture absorption of C3A is

unexpectedly low.

An accelerated test can be performed by means
of the penetration test in which alkali carbonate
is added in amounts up to 0.1 percent or 0.1-0.3

percent to the cement, the former amount being
selected in order to detect the latent property of

false setting due to the existence of dehydrated
gypsum, and the latter amount to cause possible

rapid setting of C3A in some conditions.

On the other hand, it was also ascertained that
Portland blastfurnace cement did not set rapidly,

even when it contained no gypsum. Then the
addition of insoluble anhydrite was preferable, to

reduce the tendency of false setting due to gypsum
for this kind of cement as mentioned by
L. Blondiau and Y. Blondiau [7]. In this con-
nection, the high-slag type of portland blast-

furnace cement had very low 3-day strength, but
it could be about doubled without reducing the
long-time strength by the further addition of 5 to

10 percent of anhydrite which simultaneously

increased the expansion due to hydration until it

just compensated the amount of drying shrinkage.
As for the measures taken to reduce the trend

of false setting of portland cement, water is usually
sprayed into the grinding mill for the purpose of

lowering the temperature of the cement; however,
the air-tight paper bag has been successfully used
by a cement manufacturer in Japan. It is also

believed to be efficacious to minimize the amount
of gypsum so that normal initial setting would
just take place, and at the same time, to make a
further addition of insoluble anhydrite, i.e., dead-
burnt gypsum, natural, or byproduct anhydrite,
up to the optimum SO3 content for improving the
other characteristics of cement, such as strength,
shrinkage, and chemical resistivity.
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Discussion

R. R. Hattiangadi

Dr. Hansen's valuable paper on false set in

cement touches a very important, yet illusive,

field of cement technology. From talks with
several fellow members during the last 2 or 3 days,
I am led to believe not only that the phenomenon
of false set is a matter of anxiety to many cement
manufacturers and cement chemists, but also that
the understanding of the subject is undoubtedly
obscure. There are apparently a very large num-
ber of situations where false set is encountered. I

am aware that in narrating our own views based
on observations, and a certain amount of fragmen-
tary experimentation, I may only be contributing
further confusion to the subject.

In two of our factories in India, situated more
than 800 miles apart, employing limestone and
other raw material of dissimilar geological and
physical characteristics, but using similar wet
process kilns, false set in plant cement used to

occur spasmodically. The clinker in one factory
was fairly high in lime and high in C3A, whereas
the other could be regarded as normal average
portland clinker. The composition of the clinker
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at these two factories was approximately as
follows

:

I n

Percent Percent
CaO 65. 0-66.

0

63. 0-64. 0
Free CaO 1.0-2.0 1.0-2.0

C3A 11.0-13.0 7. 0- 9.

0

The shortening of the initial and final setting
times of the cement and slight stiffening were first

observed at these two factories, in perfectly good
mill samples of cement after they were left out
in layers of )i in. to 1 in. in open trays in a corner
of the laboratory for periods of 24 to 48 hr. For
want of a suitable expression, I am referring to
this procedure, in my discussion hereafter, as
"exposure" to the atmosphere. In other words,
a freshly ground, normally setting cement at times
acquired this peculiar characteristic within a day
or so when kept exposed or aerated in the labora-
tory. The stiffened paste of the cement, showing
false set, became normal setting on reworking.
Also, the samples of cement became normal setting
after further exposure to the atmosphere for about
a week or so. This stiffening effect of the sample
exposed for only short periods of 24 to 48 hr was
observed, however, only during the dry winter
months (less than 50 percent humidity), and even
then, only occasionally, and never in the hot
humid summer, nor in the rainy season. Then
again, the samples showing false-set character-
istics when later kept either in a 100 percent
humid atmosphere and/or a CO2 atmosphere for

a few hours again became normal setting. Like-
wise, a freshly ground sample of plant cement
when kept either in 100 percent humid atmosphere
or a CO2 atmosphere for the initial period of 24
to 48 hr at varying temperatures (between 5 °C
and 40 °C) did not show any signs of stiffening

or false set. While, thus, this erratic behavior
of the cement was being observed in the labora-

tory, it was fortunate and remarkable that no
complaints whatsoever reached us about this er-

ratic setting-time behavior from any of the con-
sumers. It would therefore appear that in actual
field practice no false set was ever encountered.
In fact, a large number of samples drawn from the

field from various points and tested did not reveal

any false-set characteristics; but—there was al-

ways the danger that any reference laboratory
testing samples in accordance with the prevailing

specifications might fail the cements in question.

In this context, I am inclined to agree with one
of the speakers who made a suggestion earlier

somewhat to the effect that talk on this subject

of false set might be kept in cold storage for some
time, at least until one could write a specification

which could boldly state that false set when en-

countered in laboratory testing should be ignored!

Reviewing the observations, the following com-
mon features could be listed in respect of both the

factories cited above.

1. Exposure of the cement samples in layers

% inch to 1 inch thick for only 24 to 48 lir

in an atmosphere of low humidity and com-
paratively low temperature brought about
false set in the cement.

2. Longer exposure for 8 to 10 days under
the same conditions as above removed
the false set.

3. Exposure for short or long periods, in

atmospheres of (a) high humidity, (b)

higher than normal CO2 concentration and/
or (c) higher temperatures (over 35 °C)
did not impart false set to the cement.

4. The finer the cement was ground the
greater was the proneness to false set.

The following experiments were carried out in

a laboratory ball mill in an attempt to determine
the principal factors which contributed to the
development of false set.

1. Samples of clinker were ground in the
laboratory ball mill with 4 percent of
gypsum, but the resulting cement did not
show any signs of false set, though the
same clinker when ground in the plant
mill with 4 percent of gypsum tended to
show false set. This behavior indicated
that the conditions of grinding in the plant
were conducive to the occurrence of false

set.

2. Ground gypsum was dehydrated, partially
or completely, at various temperatures in

a current of dry air, in a humid atmosphere,
and also in an autoclave, and varying pro-
portions of these samples of dehydrated
gypsum were blended separately with
ground clinker, but no false set was ob-
served in any of the samples. In the above
set of experiments, addition of larger pro-
portions of partially dehydrated g3'psum
did give a permanent flash-set effect to

some of the samples but not false set.

The flash set or "plaster set" observed was
quite different from false set as the samples
with the flash-set eft"ect did not normaUze
after prolonged exposure of 8 to 10 days.
This result indicated that partial dehydra-
tion of g3'psum was not necessarily the
cause of the false set.

3. To simulate the conditions of plant grinding
in the laboratory, samples of ground clinker

were heated at temperatures of 100-120 °C
in a current of steam for 10 to 20 min, and
these samples were mixed with various pro-
portions of gypsum and partiall}' dehy-
drated gypsum. The sample of artificial

cement so prepared showed signs of false

set when exposed to drv cold atmosphere
for 24 to 48 hr.

From the above it would appear that clinker

and gypsum (cement) when ground under the con-

ditions obtaining in a normal mill, i.e., in an atmos-
phere of comparatively high humidit}" (due to

moisture present in the clinker and moisture
evolved by dissociation of g3rpsum) and high tem-
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perature (say 100 °C or so) tends to show an effect

of false set when exposed to dry cold atmosphere
for 24 to 48 hours.

In trying to envisage the mechanism of the oc-

currence of false set, I have made two assumptions,
which I believe are based on generally accepted
theories regarding the retardation of setting time
in cement. These assumptions are:

a. Ca(0H)2 is the primary retarder of setting

time in portland cement.
b. If the paste does not contain enough sulfate

to produce calcium sulfoaluminates, which
immediately envelop and protect the alu-

minate phase from water attack, rapid set-

ting occurs due to quick hydrolysis and
precipitation of most of the silica-alumina

hydrogels.

Arguing from the above assumptions, it would
appear that for a fresh plant cement ground under
conditions of comparatively high humidity and
temperature (100-120 °C) the cement grains would
be covered with a thin layer of Ca(0H)2 and, with
the calcium sulfoaluminates in the contact solu-

tion, it would behave normally as to setting time.

As regards the temporary stiffening or false-set

effect observed on exposed samples I would offer

the following explanation, which may sound quite

fantastic. When cement which is normal setting

to start with is exposed to the atmosphere at tem-
peratures of 5-10 °C for short periods, the grains

of cement are perhaps coated by a continuous
molecular layer of small crystals of CaCOs due to

the combined action of the low atmospheric con-
centrations of CO2 and H2O. Such a sample of

cement would show signs of false set because the
cement grains are enveloped by a continuous layer

of CaCOs crystals which does not permit the gaging
water to come in contact with cement constituents

to form Ca(0H)2 in the contact solution imme-
diately, but when this cement paste is worked
vigorously for a longer time, the CaCOa film is

broken and the required amounts of Ca(0H)2 solu-

tion are formed and the cement paste regains nor-
mal set.

On the other hand when the cement is ex-

posed to either (a) saturated atmosphere or (b)

a higher concentration of CO2 than that normally
prevailing in the atmosphere, it does not show any
signs of false set. In the first case (a), perhaps
higher quantities of Ca(0H)2 are formed on the
surface of the cement grains, which go into solu-

tion immediately when the cement paste is pre-

pared, and no effect of false set is observed. Per-
haps in the second case (b), due to higher concen-
tration of CO2, comparatively larger crystals of

CaCOs are formed on the surface of the cement
grains, v/hich perhaps concentrate themselves dis-

continuously, and this discontinuity permits more
of the surface of the cement grains to be acted
upon by the contact solution and produces more
Ca(0H)2 solution, giving normal set effect. A
similar mechanism may seem to explain the fact

that no false set starts to occur in these cements
in the humid summer months or the rainy season.

or when the cement is exposed for a period of a
week or more even during the winter months.
The spasmodic occurrence of false set in the plant
cement could be explained by the fact that at
times the dehydration of cement grains in the
plant mill proceeds to such an extent that later

aeration or exposure effect is not sufficient to cover
the grains of cement with very fine crystals of

CaCOa and the cement shows normal set even
after 24 to 48 hr exposure.

Roller, Swayze, and others have worked on the
effect of exposure of cement to humid atmosphere,
but do not appear to have studied the problem
from the angle represented in the above discus-

sion. I would venture to suggest that if further
work were to be done on determination of stiffen-

ing effect of cement exposed to the atmosphere at
various temperatures and various periods of time
under controlled conditions of humidity and CO2
concentration and the composition of the contact
solution within a few minutes of gaging were
studied simultaneously, together with a study of

surface reactions which seem to play an important
part, a better answer to the reasons for false set

might be obtained.
I take this opportunity to thank my associates,

D. D. Murdeshwar, V. N. Pai, and"R. Padma-
nabhan, in helping me carry out the various
experiments.

Discussion

L. Santarelli

Dr. Hansen in his paper on false set illustrated

the methods known till now to identify this

phenomenon. I wish to add to Dr. Hansen's
already complete documentation the results ob-
tained by the use of an apparatus known as the
"Automatic Penetrometer" which was presented
at the XXXI Congres de Chimie Industrielle [1] ^
The principle of this apparatus is as follows:

if a rod with a conical head and loaded with a

definite weight is sunk into a cementitious paste
at a uniform rate, it will stop when the viscosity

of the paste is such as to oppose the weight
applied. If the total weight is regulated so that
the stopping corresponds to the initial set shown
by the Vicat needle, we can determine the setting

times in concordance with the Vicat needle.

This standard weight is equal to 320 g.

The same may be said for the final setting

(standard weight 2200 g). It has been later

ascertained that there is the following relation

between the weight (P) and stopping time (T):

log P= aT-\-b. Hence, if the test data are

plotted on a semilogarithmic diagram of weight vs.

time the result is a straight line. Thus, the final

setting time is readily extrapolated, if we have
two points which characterize the straight line

at lower stopping times.

' rigures in brackets indicate the literature references at the end of this

paper.
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This apparatus, suitably modified, has been used
with success to follow the hardening process of

calcium sulfate hemihydrate in a cement in order
to obtain useful information on the phenomenon
of false set [2].

Since it was found that with a weight corre-

sponding to the initial set of the Vicat needle it is

often impossible to identify false set, it was decided
to initially reduce the weight of the penetrometer
to zero (by a special return spring) and to follow

the course of the growing viscosity by loading the
penetrometer with small weights as soon as the
downward movement of the needle should come to

a stop. At a certain point it can be seen that
penetration can be continued by decreasing the
weights instead of increasing them: this point cor-

responds to the appearance of the phenomenon of

false set.

The results summarized in figure 1 clearly show
the phenomenon: curve 1 corresponds to a normal
setting cement, while the curves 2, 3, and 4 corre-

spond to three cements with false set in which the
phenomenon appears at 150 g, 280 g, and 550 g,
respectively. If the measurement had been made
with a penetrometer cahbrated for "initial set",

that is, having a weight of 320 g, it is evident that

the cements which correspond to curves 2 and 3

woiild not show any anomalies.

The net difference between the curves 1 and 2,

3, 4 is characteristic. In fact, the three curves are

made up of three distinct sections, the first very
steep, which corresponds to the setting of the

calciima sulfate hemihydrate. This short first

period is followed by the phenomenon of recovery,

due most probably to the destruction of the struc-

ture formed by the dihj^drate crystals, due to the

effect of alumina which reacts with CaS04 forming
sulfoaluminate. This results in the formation of

a distinct "knee" which is followed hj the third

section, which ends in a straight line and corre-

sponds to the real setting of the cement.
With the above mentioned method it is possible

to identify in a cement the hydration of the hemi-
hydrate and the stiffening which is a consequence
of this hydration. Furthermore, the method
indicates the consistence' reached by the structure

formed by the dihydrate crystals formed during
hydration and the time elapsed to obtain this

structure.

I believe that the above is of interest toward a

better knowledge of the phenomenon of false set.
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FiGUHE 1. Consistency curves obtained by automatic pene-
trometer on pastes of four cements.

Curves 2, 3, and 4 are for cement showing false set

Discussion

Guenter Ahlers

Introduction

The purpose of this discussion is to report the
results of some experiments which are believed
to illuminate interestingly Dr. Hansen's paper,
as well as the discussions of this paper b}^ P. Selig-

mann and N. R. Greening, and by T. Manabe.
The work to be presented here consists of quan-
titative analj'Ses of cements for gj-psum, and of a
study of the g^-psmn precipitation in pastes by
means of X-ray diffraction.
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Quantitative analj'ses for gj-psum by means of

X-raj' diffraction were carried out on 34 cements,
chosen from 10 mills, most of which are located
in the western United States. The analyses
were performed on the 7.6-A line, without the
use of an internal standard. The accuracy is
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estimated to be about 20 percent of the amount
present, except at the very low concentrations,

where it approaches ±0.3 percent gypsum. Of
the cements examined 16 were found to contain
less than 0.5 percent, 11 between 0.5 and 1.0 per-

cent, 2 between 1.0 and 1.5 percent, 3 between
1.5 and 2.0 percent, and two cements contained
2.1 and 2.8 percent gypsum. The SO3 contents
of these cements ranged from 1.5 to 2.4 percent,

corresponding to 3.2 to 5.2 percent gypsum. It

is thus seen that it is the rule rather than the

exception that almost all the gypsum has been
dehydrated at least to the hemihydrate. The
hemihydrate line at 6.0 A was always found, but
no quantitative measurements were made on it.

These results suggest that most cements contain
enough hemihydrate to show stiffening due to

gypsum precipitation, provided that this precip-

itation is not prevented by other factors. The
occurrence of false set due to gypsum can thus

be expected to depend primarily on factors which
control the rate of precipitation of gypsum, and
the rate of consumption of SO3 by other reactions.

Gypsum Precipitation in Pastes

The precipitation of gypsum in pastes was
observed as it occurred by measuring the 7.6-A
line intensity in the paste as a function of time.

Whereas these measurements could not yield

quantitative results, because the surface of a
paste cannot be expected to be representative of

the entire sample, it is felt that they give an
indication of the relative amounts of gypsum at

different times. Such measurements were made
on a cement paste which showed false set and on
a mixtm-e of finely ground Ottawa silica sand and
2.5 percent hemihydrate. The hemihydrate line

at 6.0 A was also followed. In the cement paste
the hemihydrate concentration began to drop
immediately (the first measurement was made at

2 min after mixing), and gypsum began to pre-

cipitate. Both processes came to completion
between 5 and 10 min after mixing. The sand
sample behaved similarly, but the process was
somewhat slower. It was completed after 20 min.

In order to relate gypsum precipitation to the
degree of stiffening, a simple test was devised to

measure relative stiffening. A 2.6-g rod with 0.3

cm^ cross section was dropped onto the paste from
such a height that it barely made an indentation.
This height was taken as a measure of the stiffen-

ing. Such a simple test had the advantage that
it could be performed repeatedly on the same
paste. The stiffening as measured in this fashion
on the cement reached a maximum after 8 min.
For the sand-hemihydrate mixture this maximum
was reached after 20 min. The agreement be-
tween the time at which maximum gypsum con-
centration and maximum stiffening were reached
is believed to be a strong indication of a relation

between the two processes.

A mixture of ground sand and 3 percent gypsum,
and sand alone, showed no stiffening. The addi-

tion of 2 percent gypsum to the cement did not
appreciably affect its stiffening characteristics. A
sample of the cement was heated to 380 °C for 4
hr in order to convert all SO3 to orthorhombic
CaS04. After heating, 3 percent gypsum was
added to the cement. The stiffening was then
much less severe; however, other properties of the
sample besides the hemihydrate contents may have
been affected by this treatment.

Conclusions

It is believed that this work indicates that
usually cements contain little or no gypsum. This
finding might have been expected from the
thermodynamic properties of gypsum and hemi-
hydrate.^ Most cements are ground at tempera-
tures in excess of 100 °C, and at these temperatures
gypsum is unstable. Especially in air-swept mills

the dehydration should proceed with fair ease
during grinding.

It is further felt that strong indications of a
direct relation between gypsum precipitation and
stiffening exist for the cement investigated here.

The factors which determine whether or not
excessive gypsum precipitation will occur seem as

yet to be only partially understood. When
gypsum precipitation does occur, it may or may
not result in false set as measured by ASTM
methods, depending on whether or not the pre-

cipitation is completed before the mixing is over.

Discussion

Myron A. Swayze

The purpose of this discussion of Dr. Hansen's
paper is twofold: first to correct some of his

present conclusions from my discussion of his

1958 ASTM paper on "Aeration Cause of False
Set" (Hansen's references [34J and [45]); and
second, to advance another explanation for devel-

opment of false set due to aeration which I over-

looked in 1958.

The corrections necessary in Dr. Hansen's
present remarks on my 1958 discussion are as

follows

:

1.—Hansen's paper states, "Swayze showed that

aeration caused Hash set with a clinker that con-
tained no C3A". This is not correct. Both
grinds of the zero-CaA clinker alone had prolonged
setting times compared with grinds containing
gypsum or anhydrite. Clinkers of this type
require no calcium sulfate to control set. The
false set induced by aeration or heating and
aeration of these grinds could, therefore, not be
attributed to inactivation of C3A or dehydrated
gypsum, since both materials were absent.

2.—Hansen's paper states that only the grind
of clinker plus anhydrite mthout water produced
ball coating and thus became aerated during

' K. K. Kelley, J. C. Southard, and C. T. Anderson, Bureau of Mines
Technical Paper 625, 1941.

416



grinding from frequent opening of the mill. The
grind with 0.2 percent water pulverized readily

and displayed no false set in fresh condition.

The second part of this discussion deals with a
new approach to the explanation of development
of false set in cements due to aeration. Our experi-

ence with all commercial cements tested is that
this property is always induced by relatively

short exposures to moist air, and is worse in high
C3S cements than in low C3S.

In an unpublished 1940 report on "Colloidal
Aspects of Portland Cement Behavior" made by
Dr. L. S. Brown to the Lone Star Cement Corpora-
tion, Brown recognized that the cement particles in

a paste are from 100 to 1000 times larger than those
found in t3rpical colloidal suspensions, their con-
centration is much greater, and while the classic

suspensions are of solids inert to the dispersion
medivun, the cement grains are reactive. Last,
the composition of cement grains is complex,
while the usual suspensions contain a single dis-

persed solid. Nevertheless, in freshly mixed
pastes, the relatively enormous cement particles

still follow the behavior of colloidal materials in

reaction to forces that cause dispersion, floccula-

tion, and peptization in colloidal suspensions.
In observations with a cataphoresis cell under

the microscope, Brown found fresh suspensions of

C3S in water to be poorly dispersed and faintly

electronegative. Calcium hydroxide suspensions
could not be observed due to their strong electro-

lytic action. C3A hexahydrate was well dispersed
and strongly electropositive. Since gypsum had
no electrolytic action, it should peptize cement
grains, causing dispersion. While calcium hydrox-
ide is sparingly soluble, that part in solution is

about 90 percent ionized.

In a study of flash set, companion cements with
and without gypsum were made from a fresh

clinker containing 60 percent C3S and 8 percent
C3A. Both cements had Wagner surface areas

of 2150. Both were mixed rapidly with 25 per-
cent water and made into setting-time pats.

The paste without gypsum was stiff and dry, and
had an initial set in 10 min. The paste with
gypsum was smooth and fluid, with initial set in

Sji hr. After moist storage of the pats for 24
hr and in air for several days, thin sections were
prepared. The sections showed" only moderate
but approximately equal hydration. The cement
grains in the pat without gypsum were strongly
flocculated, while those in the pat with gypsum
were well dispersed.

The cement wdth gypsum was then aerated for

a day and a third pat made wdth 25 percent water.
The paste was materially drier and stiffer than
that with the fresh cement, and study of the dried
pat in thin section showed evidence of floccula-

tion, although not as striking as in the case of

flash set without gypsum.
BrowTi stated that the prehydration during

aeration makes a certain amount of calcium hy-
droxide very quickly available to form a saturated
solution on mixing with water, sufficient to cause

flocculation of the cement grains. This floccu-

lated structure did not have tlie strength and
rigidity of that observed in the flash set pat, due
to absence of hydrated C3A, a product inhibited
by the gypsum present.

This counteraction of the dispersing efi^ect of

gypsum in a cement paste by the electrolytic

action of quickly available hydrated lime can
easily be broadened to cover not only false set

induced by aeration, but also false set in fresh
cements in which gypsum has been converted to

hemihydrate by the heat of grinding. From
grinding tests we know that gypsum is a good
grinding aid. Its action in this respect is very
probably due to its dispersing action, with air as
the dispersion medium. Hemihydrate, on the
other hand, actually retards grinding beyond
what is found for straight clinker grinds. Floc-
culation of cement grains is very evident by
development of heavy coating on the mill and
grinding media. We have no knowledge of the
action of hemihydrate on cement particles in

pastes, but the inference is strong that, if it

flocculates them in air, it should show the same
action in water. If this inference is correct,

then we do not need the theory of "plaster"
setting to explain the early gelling of cement
pastes after mixing with water.

In modern cement grinding, temperatures are

high enough to convert most of the g;y^sum to

hemihydrate. The moistiu-e liberated by this

conversion can easily prehydrate C3S grains if it

remains in contact with them for an appreciable
length of time, liberating very fine grained and
quickly soluble calcium hydroxide. The com-
bination of these two active agents in promoting
floccidation may well be the principal sources of

false set in freshly ground cements.
It is hoped that research on the electrostatic

properties of hemihydrate and cement minerals
wdll be stimulated by this discussion, so that a more
logical explanation of false set can be derived by
use of the principles of coUoid chemistry.

Discussion

A. Rio and R. Turriziani

The observation made by several investigators

that some cements show false set after au- expo-
sure, as detectable by ASTjM method C359, has
put in evidence a new^ type of phenomenon which
seems to differ from the usual false set, appearing
in freshly prepared cements after grinding, and
due to the presence of dehydrated calcium sulfate

in cement.
In Hansen's paper, false set by aeration is as-

cribed to the transformation which aluminates
undergo after air exposure, by W'hich they become
less reactive towards sulfates and more towards
water. According to this assumption, false set by
aeration should be due to a precipitation and
crystallization of gypsum, facilitated by a lower
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reactivity of aluminates to it, as well as to their

more rapid reaction with water.

In his contribution to the discussion of false set,

Manabe points out the fact that the aeration does
not reduce the ability of aluminates to combine
with calcium sulfate, but only affects the accelerat-

ing action of aluminates on the precipitation of

gypsum.
Observations made in our laboratory, though

confirming Hansen's and Manabe's conclusions

that the false set by aeration is also essentially a

false set by gypsum, suggest that the causes of

the phenomenon are independent of the mineral-

ogical compounds of clinker and therefore of any
passivation of the aluminates.

Experiments carried out on cements of different

origins showed the following:

1. When a cement gives false set after aera-

tion, it also presents such a phenomenon
before aeration, which may be seen by us-

ing a shorter mixing time (1 min, 10 sec)

than the usual (3 min) (tables 1-2).

2. An addition of calcium sulfate to the ce-

ment giving false set (fresh or aerated)

causes, generally, the disappearance of

this phenomenon (tables 1-2).

3. False set remains in the cements which are

reground 1 hr and this leaves out any ac-

tion due to phenomena concerning films,

or the surface of cement grains (table 2).

4. Generally, the extraction tests carried out
according to Hansen and Pressler [1], but

with the shaking time prolonged up to 10
min, confirm what has already been stated
by Hansen and others, that the extracts
of aerated cements show a larger CaS04
supersaturation than those of fresh cements
(figures 1-2, table 1).

Furthermore, by observing the different types
of commercial cements to be tested for false set,

we noted as follows:

a. Some cements never presented false set,

even after a long exposure to air.

b. On the contrary, other cements giving
false set at the start lacked it completely
after aeration.

c. Other cements showed false set after 24 hr
aeration, while the phenomenon disap-
peared after 48 hr.

Experiments and observations we carried out
suggest thaf, the false set by aeration might depend
on the different forms of calcium sulfate contained
in the commercial cements.

In fact, according to what some authors [2, 3]

have already shown, the precipitation rate of

calcium sulfate is closely connected with the ratio

that can be established between dihydrate and
forms of dehydrated calcium sulfate occurring in

cement.
At fu'st the grinding conditions and later the

aeration would affect the values of these ratios,

varying the relative percentages of dihydrate and
dehydrated calcium sulfate. Particularly the
aeration by its action on the dehydrated forms of

Table 1. Composition of extract and depth of penetration for fresh and aerated cements

Composition of extract—moles/liter

Sample condition n20 shaking
(0H)2 SO3 CaO K20-

Na20
Sat.

CaO
Excess
CaO

Sat.
so.

Excess
SO3

1 min,
10 sec

3 min 6 min 8 min 11 min Remix

% min.
Cement A »

Fresh 34 0.5 0. 0250 0. 1129 0. 0166 0. 1213 0. 0164 0. 0002 0. 0905 0. 0224 48 48 48 48 48
1 . 0202 . 1100 .0171 . 1191 .0164 .0007 .0886 .0215 48 0 0 0 0 48
3 .0337 . 1087 .0215 .1209 .0164 .0051 .0896 .0192
5 .0367 . 1062 .0151 . 1278 .0164 -.0013 .0960 .0102
7 .0397 . 1062 .0153 .1306 .0164 -.0011 .0980 .0082

10 .0385 .1062 .0131 .1316 .0164 -. 0033 .0986 .0077

Aerated 24 hr b 34 0.5 .0220 . 1170 .0460 .0930 .0165 .0295 .0670 .0600 48 17 0 0 48
1 .0220 . 1140 .0314 . 1046 .0165 .0149 .0760 .0380 48 0 0 0 0 48
3 .0237 .1180 .0301 .1116 .0164 .0137 .0822 .0358
5 .0280 . 1180 .0207 . 1253 .0164 .0043 .0936 .0245
7 .0320 .1110 .0143 . 1287 .0164 -. 0021 .0963 .0147

10 .0342 .1087 .0142 . 1287 .0164 -. 0022 .0963 .0124

Aerated 24 hr +2%
CaSOv2H20 34 48 48 48 48 48

48 4 0 0 0 48
Cement B "

Fresh 34 0.5 .0295 .0885 .0153 . 1027 .0165 -. 0012 .0746 .0140 48 48 48 48 48
1 .0292 .0885 .0150 . 1027 .0165 -.0016 .0745 .0140 48 48 29 16 9 48
3 .0410 .0800 .0146 . 1064 .0165 -.0019 .0775 .0025
5 .0415 .0745 .0117 .1043 .0165 -.0048 .0760 -.0016
7 .0412 .0745 .0093 . 1064 .0166 -.0072 .0776 -. 0030

10 .0450 .0745 .0097 .1098 .0164 -. 0071 .0805 -. 0060

Aerated 24 hr 34 0.5 .0295 .0920 .0215 . 1000 .0165 .0060 .0720 .0200 48 48 0 0 48

1 .0300 .0920 .0210 . 1010 .0165 .0046 .0730 .0190 48 30 2 0 0 48
3 .0310 .0886 .0185 .1010 .0165 .0020 .0730 .0155
5 .0355 .0863 .0171 . 1047 .0165 .0006 .0760 .0103
7 .0410 .0800 .0141 . 1069 .0165 -.0024 .0775 .0025
10 .0437 .0790 .0143 . 1084 .0164 -. 0021 .0796 -.0005

Aerated 24 hr +2%
CaS04-2H20._ 34 48 48 29 4 48

48 48 0 0 0 48

Penetration—mm <

» Blaine surfaces varied between 3400-3600 cm^/g.
•> Aeration layers 1.6 cm thick exposed at temperature of 20 °C and relative humidity of 86 percent.
° The penetration values vv'ere determined by A.S.T.M. Method C 369 after mixing time of 3 min or 1 min, 10 sec.
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Figure 1. Concentration of CaO and SO3 in extracts from
cement A after different 'periods of shaking.

Table 2. Depth of penetration for fresh and aerated
cements

Sample condition

Cement C

Fresh

Aerated 24 hr

Aerated 24 hr and reground
1 hr..

Aerated 24 hr + 2%
CaS04-2H20

Cement D

Fresh

Aerated 24 hr..-

Aerated 24 hr and reground
1 hr

Aerated 24 hr + 2%
CaSOi-2H20

Cement E

Fresh

Aerated 24 hr

Aerated 24 hr and reground
1 hr__

Aerated 24 hr + 2%
CaS04-2H20

Cement F

Fresh _

Aerated 24 hr

Aerated 24 hr and reground
1 hr.

Aerated 24 hr + 2%
CaSOi-2H20

Cement O

Fresh

Aerated 24 hr _..

Aerated 24 hr and reground
1 hr

Aerated 24 hr + 2%
CaS04-2H20...

1120

Penetration—mm

1 min,
10 sec

48

"is'

48

48

48

'Is'

48

"d'

3 6 8 11 Re-
min min min min mix

48 48 48 48 48
48 48 25 15 48
48 48 48 45 48
48 48 45 43 48

48 48 40 35 48

48 48 48 48 48
48 48 48 46 48

48 48 48 48 48
48 48 48 48 48
48 48 48 48 48
48 48 48 48 48

48 48 48 48 48

48 48 48 48 48
48 48 48 48 48

48 48 48 48 48
48 31 16 7 48
48 48 29 19 48
0 0 Q Q 48

48 45 20 15 48

48 48 48 48 48
48 1 0 0 48

48 48 46 46 48
48 3 0 0 48
48 45 42 44 48
21 0 Q Q 48

48 36 30 48 48

48 48 48 48 48
48 4 0 0 48

48 48 42 42 48
48 25 2 0 48
48 3 0 0 48
0 0 0 0 48

48 0 0 0 48

48 48 43 39 48
0 0 0 0 48

» The penetration values were determined by ASTM Method C 359 after
mixing time of 3 min or 1 min, 10 sec.

calcium sulfate would tend to transform the latter

into the stable form of dihydrate. During this

process it would be possible to pass through stages
where these ratios become such as to give rise to

false set and of the supersaturation in SO3 in the
contact solutions.

On the basis of our supposition we should have
a clear interpretation of the phenomena treated
in sections 1, 2, 3, 4 and a, b, c.

Moreover, the smaller supersaturation values of

fresh cements, which we attribute to a greater
precipitation rate of calcium sulfate, are not only
confirmed by the penetration tests after a mixing
time of 1 min and 10 sec, but also agree with the

combination rate of sulfate with aluminates,
measured according to Bucchi [4, 5].

Actually, in agreement with Manabe, w^e do
not find a difference between the combination
rates of aerated and fresh cement. Therefore, the
lower sulfate concentrations measured b}" extrac-

tion tests can be attributed onh^ to a higher
precipitation rate of the calcium sulfate, rather
than to the lower ability of aluminates to combine
with sulfates, as Hansen asserts.

Ultimately, the aeration, at least under the
time and exposm-e conditions usually considered,

would cause a variation in the relative quantities

of dihydrated and dehydi'ated calcium sulfate

622829 0-62-28 419
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FiGTJBE 2. Concentration of CaO and SO3 in extracts from
cement B after different periods of shaking.

bringing about a different precipitation rate of

gypsum whicti, since it occurs after the mixing,
produces the characteristic stiffening of the paste.

Of course, at the stage of our present experience,
we cannot exclude tlie existence of concomitant
effects due to phenomena of colloidal nature or of

different type, as has already been pointed out
by other authors, although such phenomena do
not agree with the results of our experiments
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Discussion

A. J. Gaskin and J. K. McGowan

In general we agree with Hansen in ascribing the
phenomenon of false set to the crystallization of
gypsum in cement pastes, but we find that our
views on the mechanism involved accord more
with those expressed by Manabe [1]^ and by
Seligmann and Greening [2].

1 Figures in brackets, indicate the literature, reference at the end of this
paper.

During the past few years, examination of the
behavior of 10 different cements of Australian
origin has left us with the impression that the
presence of more or less dehydrated remnants of
gypsum in commercial cements must be regarded
as a typical feature, that this material inevitably
crystallizes as gypsum at a very early stage of
paste preparation, and that most false-set effects

are due to delays in this crystallization stage, ex-
tending it beyond the standard 3-min mixing
period into the subsequent rest period.
Whether false set will be found in any given

paste then becomes a question of the time at
which gypsum crystallization begins, and the rate
at which the crystallization of this phase proceeds,
as well as a function of the amount of dehydrated
material ui the cement used.

These variables are separately influenced by
various independent factors, and the resultant
picture is quite complex. An ill-defined "floccu-
lation" factor which temporarily increases the
consistency of all cement pastes during the first

few minutes of preparation, and the rare occur-
rence of a type of delayed "flash" set due to sulfate
deficiency, are additional mechanisms which fur-
ther confuse the main issue. Considering only
the main process of gypsum crystallization, our
broad view of the factors involved is as follows:

Commercial cement milling always appears to
destroy the structure of gypsum to some extent.

Mechanical as well as thermal action could be
involved. The disordered product dissolves and
crystallizes as gypsum during the mixing stage
of paste preparation, the resultant stiffening

effects being mixed out unless delayed for various
reasons. In normal fresh cements, abundant
nuclei for gypsum crystallization are present,

and the onset and subsequent rate of the crystal-

lization process can be accelerated by calcium
ions supplied from C3S and C3A surfaces. Delayed
crystallization resulting in false set can be caused
by lack of sufficient nuclei, filming of accelerator

sources, or by specific retardation effects of dis-

solved jnaterials, principally carbonates. Ad-
sorbed CO2, released from clinker surfaces into

the hquid phase of pastes, is the most potent
retarder in practice, being supplied in sufficient

quantities to the clinker surfaces during aeration.

Some of the experimental data from which
this view has been evolved are given below.

The Nature of Gypsum in Cements

An X-ra}' study, made by Dr. J. Graham in this

laboratory, of all commercial cements used in our
investigation showed that the proportion of

gypsum added during manufacture always ex-

ceeded that which we could recognize in the
product. Results on laboratory cements did not
show such discrepancies, and indicated that the
technique of examination was sensitive and fairly

precise.

Some commercial cements gave no indication

that gypsum was present, most showed from 0.2
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to 1.0 percent of recognizable gypsum, and a few
gave higher values, ranging up to 60 percent
of the amount originally added at the mill.

The proportion of gypsum preserved in any
sample was generally characteristic of the plant
of origin, but no correlation with mill temperatures
could be found even though these varied from
plant to plant over the range 100 to 125 °C.

Thermal effects could have been masked by
variations in mill humidity, but no clear evidence
was obtained in regard to the action of mill

atmospheres. A mill with internal water addition,

for instance, produced cement with no recognizable
gypsum fraction.

Although some samples gave distinct patterns
of the "hemihydrate-soluble anhydrite" type, sug-
gesting that thermal dehydration had been
occurring, it is possible that mechanical effects,

which lead to similar types of dehydrated material,

had also been operative.

It has been shown by Larsen and Bridgman [3]

that gypsum may be dehydrated at room tem-
perature by pressure alone, and Kiyama and
Yanagimoto [4] demonstrated that the effect

occurred below 65,000 psi, a pressure which
could conceivably be applied to small particles

caught between impacting balls in a large mill.

The fact that gypsum may be dehydrated by
ultrasonic vibration at 40 °C as shown by Zolotov
and Kurochldn [5] is another aspect of the ease
with which the water "sheets" may be encouraged
to diffuse out of the gypsum structure.

If mechanical as well as thermal effects are

important in large mills, it will not generally be
possible to correlate the results of commercial
cement milling with those from small laboratory
mills run at equivalent temperatures. Closer
correspondence would be expected when the
small mills are run at higher than equivalent
temperatures. This may account, in part, for

the results of Takemoto, Ito, and Hirayama [6],

who found little false-set tendency in cement
ground at 105 °C in a small mill. Large mills

at this temperature, however, can produce cements
developing severe false set.

The nature of the "cement gypsum" com-
ponents will probably be determined, therefore,

not by mill temperature alone, but by such
factors as the size of the mill, the size and type
of grinding media, and the nature of the circuit,

particularly as it affects the residence time of the
finest particles.

In this connection it is of interest to note that

open-circuit mills, loaded with a large proportion
of small balls and fed with a hard clinker, gave
cements with least recognizable gypsum, and
worst false set, in our study, whilst the cement
with the highest proportion of "retained" gypsum,
and least false set, came from a carefully com-
partmented closed-circuit mill with a very high
power efficiency, running at as high a temperature
as the open-circuit mill.

The practical implications seem to be that the

"cement gypsum" component will be in a more

critical state when it is mechanically disorganized
and dehydrated by overgrindirig, particularlv if the
clinker components, which we believe to be
accelerators of gypsum crystallization, are not
also overground. By "critical" we mean having a
slightly delayed setting time, through lack of
nuclei or impairment of rate of solution. There
seems to be no way of estimating tliese nucleation
and solution factors except by paste trials. A
"cement gypsum" or even a gypsum heated at
120 °C, may show no trace of dihydrale structure
by X-ray diffraction, but may still be highly
nucleated.

Particles of "gypsum" large enough to be
picked out of cements for microscopical examina-
tion appeared to be of composite structure, with
a mosaic appearance, due to variable birefrin-

gence, when viewed in polarized light using
crossed Nicols, and showed a higher refractive
index than gypsum. It is probable that this

component of commercial cements contains frag-
ments of the dihydrate structure intimately
associated with material in all states of dehydra-
tion down to anhydrite. It cannot be simply
described as "soluble anhydrite" or "hemihj^-
drate," and may best be referred to as "cement
gypsum" or some such arbitrary term.

Crystallization of Gypsum in Pastes

Although "cement gypsum" is more hetero-
geneous than most normal products of purely
thermal dehydration of gypsum, some of its

properties may be approximated by partially de-
hydrating very fine crystalline gypsum at 105-
140 °C, to obtain materials in various "states of

nucleation." Structurally, these thermal products
are well organized and nucleate gypsum crystal-

lization immediately when made into pastes. The
nuclei may be progressively destroyed by more
severe thermal treatments, and the solubilit}^

reduced by exposure to water vapor, both effects

resulting in the development of induction periods

and consequent setting delays when the materials
are incorporated in pastes.

Commercial plasters of all types show long-

delayed set compared with that of interest in

false-setting cement sj^stems. Some samples can
be accelerated by addition of ver}^ fresh clinker,

or mixtures of clinker and gj^psum, to such an
extent that the resultant pastes pass through the
stiffening stage during mixing and hence do not
exhibit false set, but we found such great vari-

ations in this respect even for consecutive samples
from the same source that the use of this t3'pe of

material was discontinued.

The most significant features of the gypsum
crystallization process are the intensity of stiff-

ening which can be caused by a small amount of

material and the short time in which the setting

reactions can be completed.
As little as 0.5 percent, by weight, of a weU-

nucleated dehj^drated gj^psum when added to a

pure silica-water paste, can produce severe stiff-
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ening if mixing is stopped at 2 min. At 3 min, if

mixing is resumed for a few seconds, the paste

softens and remains soft on standing.

Replacement of the ground silica by larger

proportions of highly nucleated dehydrated
gypsum does not change the picture in respect to

time of set and effect of mixing, but simply
increases the intensity of the stiffening. Pastes

made from all proportions of these two compo-
nents will set rapidly enough to pass a false set

test of the ASTM C 359 type.

By varying the nature of the "gypsum" com-
ponent through more or less severe thermal
treatment, but keeping the amount constant at

4 percent, a series of model paste systems ex-

hibiting a range of stiffening periods from 2 to 5

min was prepared and used as a standard from
which to deduce the efficiency of accelerating or

retarding additives.

Accelerators in Model Pastes

In theory, high concentrations of calcium and
sulfate ions in solution should accelerate gypsum
crystallization. The particle size and solubility of

dehydrated gypsum must therefore be important
factors in determining the rate of attainment of

suitable concentrations of these ions to initiate

and promote the rate of growth of gypsum crystals

in pastes.

External sources of calcium or sulfate ions will

tend to overcome any delays due to inactivity of

the dehydrated components, for reasons discussed
by Schierholtz [7] and by Ridge [8].

Cement pastes contain ample sulfate in solution

from the first moments of mixing, because of the
presence of alkali sulfates. Conditions affecting

the supply of calcium ions, therefore, become the
main rate-determining features.

The clinker components C3S and C3A both
supply calcium ions to solution rapidly and in

quantity, and as expected, proved to be efficient

accelerating agents, when added in a freshly

ground condition to our model pastes.

Poorly nucleated pastes, incapable of passing a
false-set test, were changed, by accelerating the
stiffening stages, into normal-setting systems by
addition of C3A or C3S in quantities as small as

5 percent by weight of the total paste solids.

Increasing the amount of dehydrated gypsum
greatly in excess of the amount of added C3A did
not change the behavior of such pastes markedly,
except to reduce the degree of acceleration slightly.

If an initial period of sulfoaluminate crystalliza-

tion preceded that of gypsum, it was not apparent
in the form of a lengthened induction period. Nor
did the stiffening phase of a paste containing
equal quantities of C3A and dehydrated gypsum
appear to differ in any characteristic from the
same phase in a paste, without C3A, accelerated
to the same extent with extra nuclei. No evidence
could be obtained to show that sulfoaluminate
formed rapidly enough to prevent the usual
gypsum crystallization stage from occurring at
the usual time.

Aged samples of C3A and C3S lost accelerating
power, presumably by losing surface solubility

through the buildup of hydrate and carbonate
films.

Retardation in Model Pastes

Agents which reduce the surface solubility of

dehydrated gypsum, block the activity of nuclei,

or temporarily drive the ionic concentration of

calcium or sulfate in solution to low levels so as to
extend the induction period or decrease the rate
of growth of gypsum crystals, retard set.

Surface solubility or the activity of nuclei seems
to be impaired by traces of water vapor taken up
during cooling, storage, or grinding of gypsum
dehydration products made in the temperatm-e
range 105-120 °C. The effect, in model pastes,

appears as the addition of up to an extra minute
to the stiffening period. In ordinary cement
pastes it appears to be overcome by the accelerat-

ing action of clinker. It is not likely to be a major
variable controlling the incidence of false set in

ordinary cements.
Carbonate ion in solution, however, is a very

potent retarder, and is considered to be the main
activator of false set in all ordinary commercial
cement pastes containing dehydrated gypsum.

In the absence of C3S and C3A accelerators,

model pastes could be changed from "normal" to

"false" setting by the addition of as little as 0.001

percent, by weight, of CO2 to the system. The gas
was either introduced into the mixing water, or
"adsorbed" on a small amount of an additive such
as calcium hydroxide.

Pastes in which fresh finely ground clinkers rich

in C3S and C3A were substituted for the ground
silica component tolerated more carbonate in the
form of CO2, or equivalent alkali carbonate, be-
cause of the more rapid restoration of the calcium
ion concentration.

With the most active clinker particles available,

the limit of tolerance of pastes for CO2 was 0.03

percent by weight, when 4 percent of poorly nu-
cleated dehydrated gypsum was present, before
false set appeared.

Commercial Cement Pastes

The combined thermal and mechanical effects

of milling were found in the X-ray study of our
plant samples to give as much as 4 percent of a
dehydrated gypsum component in the worst-af-

fected cements.
From the model-paste results, such samples

could be expected to tolerate 0.03 percent by
weight of CO2, if very well nucleated, or less if

deficient in nuclei, before developing false set.

This was found to be so experimentally. The
requisite quantities of CO2 were taken up by the
cements when exposed to the pure dry gas at

atmospheric pressure, within a few minutes.
Samples which contained smaller amounts of

dehydrated gypsum and a moderate proportion
of recognizable dihydrate, remained normal set-
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ting until larger quantities of CO2 were taken up
during longer exposure periods. The best sample
required 10 min exposure, taking up 0.15 percent
of CO2, before false set could be induced.
The behavior of the cements on aeration cor-

responded generally with the effects of exposure
to CO2. Those which failed after exposure periods
of 1 to 3 min in the gas, failed the ASTM C 359
test after 2}i hr aeration, and those which sur-

vived longer periods in CO2 survived aeration.

Carbonate added to pastes as sodium carbonate
in quantities equivalent to the amounts of CO2
found critical did not appear to be as effective in

causing false set as "adsorption" of the gas. It

is not proposed that alkali compounds in cements
enter into the C02-adsorption or aeration proc-
esses to any major extent.

The mechanism of the "adsorption" of CO2 on
clinker compounds rich in lime is rather obscure.

The gas must be retained at the surfaces in some
state from which it can be released into solution

rapidly. It is held as well on analytical reagent
grade calcium hydroxide as it is on pure C3S or

C3A, or commercial clinker. Grinding does not
remove it, nor is its effectiveness as a retarder de-
creased by prolonged storage as long as water
vapor is absent.

Flocculation Due to Garbonation of Clinker

Pastes containing only clinker and pure pre-

cipitated CaS04-2H20 can be made to exhibit

false set by exposure to CO2, or even by long
aeration. This is not the severe false set typically

associated with dehydrated gypsum, but it is

probably a minor component of false set in many
cements.
The mechanism appears to involve delays in

the attack of water on clinker surfaces, and con-
sequent attainment of the normal state of "slight"

flocculation. Cements generally pass through an
initial stage of "severe" flocculation during mix-
ing, but hydration effects at clinker surfaces and
the stabilization of electrolyte concentration in

the solution, then result in a weakening of the

floe structure, although not to the point of dis-

persion.

If the rheological equilibrium normally estab-

lished within 3 min is delayed by the presence of

blocking films of carbonate on clinker particles,

the intensity of flocculation may still be increasing

during the subsequent rest period, so causing false

set. Centrifuge sedimentation volumes were used
to show that floe strengths reached maxima in

periods of 1 to 3 min after addition of water when
fresh cements containing the pure dihydrate were
used at 0.6 water/cement ratio. With increasing

exposure to CO2, or aeration, these maxima were
progressively displaced towards the 7-min mark
on curves relating the sedimentation volumes (at

"10 g") to time of mixing.
Dehydrated gypsum added to fresh- clinker

systems intensified the floe strength at an early

stage, if well-nucleated. If severely retarded by

soluble carbonate in the system, or by deficiency
of nuclei, such additions could produce a secorui
floc-strength maximum at a later time than the
"flocculation-effect" maximum.

Prevention of False Set

False set primarily caused by dehydrated gyp-
sum retarded with carbonate is difficult to ti'cat.

Water vapor is the only agent, in our experience,
which will reduce the efl'ect of CO2, once it has
been adsorbed on cement. Carbonated cements
stored over water in C02-free air in sealed con-
tainers revert towards normal set after 12 hr
storage or longer. This behavior may be linked
with the amelioration of milder degrees of false

set commonly observed on prolonged aeration,
particularly if humidity is high.

If cement contains dehydrated gypsum but has
not already taken up CO2, later adsorption of the
gas may be blocked to some extent by treating
the cement for a few minutes with a gas which is

strongly "adsorbed" but otherwise innocuous,
such as SO2 or acetic anhydride. Cement takes
up 0.1 percent of these gases rapidly, and this is

sufficient to reduce the amount of CO2 it will take
up to the 0.03 percent level or even less. In
favorable instances, this removes the tendency
towards false set. The treatment may cause
severe retardation of initial and final set, though
it has little or no efl'ect on 7-day strengths.

Prevention is better than cure where false set

is concerned, and this implies attention to all

factors promoting dehydration of gypsum and
CO2 adsorption. These include high mill tem-
peratures, long residence times for fine gypsum
particles in mills, low C3S and C3A contents, and
exposure to excessive amounts of air or to any flue

or exhaust gases during transport of the milled

cement or subsequent storage.

If no plant changes can be made conveniently,

improvement may be possible through a change
in the source and type of gypsum used. This raw
material varies to some extent in stability, as

Wiedmann [9] has shown.
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Closure
W. C. Hansen

The written discussions of my paper give many
new data and ideas that should be of great value

in future studies pertaining to the overall problem
of describing the mechanism of setting and harden-
ing of cement pastes. It seems that many of

these discussions require no comments, and,

accordingly, I shall not attempt any extensive

review of them. Instead, in this closure, some
new data from our laboratories will be presented,

and an attempt will be made to explain what
happens when cements are aerated.

In ' the paper, I stated, "There is need for

additional work to determine the exact mechanism
by which aeration causes false set." Our work in

this field was continued, and, with the results of

that work, with a more thorough review of the

literature, and with data and suggestions supplied

by the written discussions, it appears that we can
now explain what happens from the standpoint of

stiffening when cements are aerated.

Portland cement clinkers vary with respect to

the contents and compositions of the alumino-
ferrite phase and to the contents of C3A, alkalies,

and SO3. Also, it seems that cements must vary
widely with respect to the extent to which the

gypsum has been dehydrated during grinding and
storage. Because of these variations, one cannot
be certain how any particular cement will respond
under a given set of conditions, but it seems that

we can now predict the general reactions of cements
to aeration.

When speaking of false and flash or quick set,

one is thinking of fast stiffening of a cement paste,

either by itself or as a component of mortar or

concrete, which occurs during the first 10 to 15

min after the paste comes in contact with water.

It seems unquestionable that there are only two
causes for this stiffening. One is the rapid re-

action of C3A and the aluminoferrite with water,
and the other is the crystallization of gypsum.
The first produces w^hat is commonly known as

flash or quick set and the other what is commonly
known as false set. Normally, one associates the
term flash or quick set with pastes that become
relatively hot and unworkable. However, as

pointed out in the paper, there should be all

degrees of stiffening from mild to severe, caused
by the reaction of C3A with water. Hence, I

propose using the expression "quick set" to

indicate stiff"ening caused by C3A and alumino-
ferrites. It seems that it is known beyond
question that C3S and C2S cannot cause quick set.

It was pointed out in the paper that gypsum
might crystallize from pastes made from cements
that contained relatively large amounts of alkali

sulfates. This, it seems, could be a cause of false

set although the presence of dehydrated gypsum in

cement appears undoubtedly to be the principal
cause.

It seems that the general belief has been that
quick set is caused only by C3A. Professor Kondo,

Table 1. Data by Yamaguchi, Takemoto, Uchikawa, and
Takagi [1] obtained by 'X.-ray quantitative analyses of pastes

Sample
No.

Composition of sample—

%

mo
Percent hydrated at

3 min

C3S C3A C(AF SO3 C3S C3A CiAF

S-3-0 100
100
20
20

%
50
50
45

36
33.6
25.6
50
50

27
28
13

13

S-3-20 _ _ 20
S-5-0 __ 80

80
5

4S-5-5 5

S-4-0 100
100
20
20

7
10
4

7

S-4-20 20
0
5

S-7-0 80
80

3

5S-7-5

Table 2. Data by Lerch [4]

SO3
Heat of hydration at hour indicated—cal/g

2 4 8 12 16

%
1.5 6.6 9.0 24.8 28.2 32.4
1.9 6.3 9.3 20.9 35.8 39.7
2.4 6.1 9.5 21.5 31.1 45.9
3.0 5.9 9.2 20.9 28.8 33.7

in his discussion, calls attention to work by Kondo,
Tsukamato, and Yamauchi which showed that

C6.2A2.2F and C4AF set about as rapidly as C3A.
Table 1 gives data by Yamaguchi, Takemoto,
Uchikawa, and Takagi [1] ^ obtained by X-ray
quantitative analysis which show that C4AF
reacts rapidly with water. In the paper, I gave
data obtained by Swayze with a cement that
theoretically contained no C3A which, it seems to

me, show that the aluminoferrite phase in that
cement caused quick set.

Another general impression has been that

calcium sulfate was the primary retarder of quick
set in Portland cement. Dr. Hattiangadi, in his

discussion, states "Calcium hydroxide is the

primary retarder of set in portland cement."
Roller [2] (in 1934) claimed that the role of

calcium sulfate in cement was to react with alkali

hydroxides to produce calcium hydroxide which
was the retarding agent. He claimed that

Ca(0H)2 in solution combined directly with
solid crystals of C3A and coated them with hy-
drated C4A which delayed their reaction with
components of the solution.

The work of Bates [3] indicated that calcium
sulfate was not an effective retarder in the absence
of Ca(0H)2 and C3S. Heat-of-hydration studies

by Lerch [4] (see table 2) showed that cement
pastes developed what appeared to be a delaj^ed

quick set when most of the gypsum had combined
with the aluminates. At that time, the solutions

are primarily solutions of alkali hydroxides and
contain very little calcium hydroxide.
The data of table 1 show that calcium sulfate

did not retard the rates of hydration of C3A and
C4AF. On the other hand, C3S did retard the

rates of hydration of these compounds, and cal-

1 Figures in brackets refer to the literature references at the end of this
paper.
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cium sulfate increased the retardation produced
by C3S.

This review of the literature seems to show
very definitely that the aluminoferrites as well as

C3A can cause quick set and that high concen-
trations of Ca(0H)2 in the solutions are required
to prevent quick set by these compounds. It

seems also that the principal purpose of calcium
sulfate is to provide a high concentration of cal-

cium ions in the solution.

As pointed out in the paper, Gilliland, Hansen,
and Manabe have published data that show that
the rate at which SO3 combines with the aluminates
is decreased by aeration of the cement. In his

discussion, Manabe gives data that show that the
rate of combination of SO3 with the aluminates
is only temporarily delayed by aeration.

Our data (shown in table 3) were obtained on
a commercial cement ground with a blend of ap-
proximately 40 parts gypsum and 60 parts natural
anhydrite. The grinding and storage conditions
should have dehydrated all of the gypsum.

In this discussion, reference to extraction data
will be to data obtained from slurries of 200 g of

cement and 150 ml of water. These have a water-
cement ratio of 0.75 whereas, in tests made with
ASTM Method C359, this ratio is either 0.30 or
0.32. The compositions of the solutions in the
slurry with W/C= 0.75 and in the mortar with
W/C= 0.30 will not be identical. However, it is

believed that conclusions from the former will

apply to the latter.

The cement of table 3 showed slight stiffening

in the false-set test, and the extraction data show
that the solution, which, at equilibrium, should
(on the basis of its Na20 content) contain between
0.020 and 0.025 moles of SO3, was saturated with
respect to gypsum at 1 min but not at 3 min.
These data show that, with about 40 percent of

the SO3 present as dehydrated gypsum, the cal-

cium sulfate in this cement could not dissolve

during the period between 1 and 3 min at a rate

sufficient to maintain a saturated solution. Such
a solution could not, of course, precipitate any
gypsum to cause rapid stiffening. The drop in

penetration from 50 to 37 mm during the 11-min
period, it seems, may be classed as the result of

what may be considered normal reactions in a

cement with a satisfactory setting time. These
reactions probably are mostly those that produce
quick set when improperly controlled. Accord-

ingly, one might visualize this cement as showing
extremely mild quick-setting tendencies.
When the cement was aerated for 24 hr, it

produced a sligfitly stiffer paste that showed very
little stift'ening during the 11-min period. The
extraction data show that the solution in this
paste was highly supersaturated with respect to
gypsum at 1 and 3 min. These data show that
the rate of combination of SO3 was decreased by
aeration. However, the drop from 0.052 to 0.040
moles/hter between 1 and 3 rain shows that the
rate of combination was still relatively high, and
it appears that this rate was too high to permit
much, if any, gypsum to crystallize in the paste.

Aeration for 48 hr produced a cement that
stiffened relatively severely during the 11-min
period. Tests on the clinker from which the
cement was made showed that the rates at which
it combined with chloride before and after aeration
were as follows

:

Sample and
Grams Ob reacted per 100 g of clinker for

minutes indicated

1 5 15 30

As ground , .

.

0. 22 0. 28 0. 34 0. 36
Aerated 24 hr .08 .14 .22 .24
Aerated 48 hr .03 .11 .22 .26

These data indicate that the 48-hr aeration
decreased the rate at which the aluminates re-

acted with SO3 much more than did the 24-hr
aeration. Hence, one would expect that gypsum
could crystallize from this solution and produce
false set.

Our first conclusion then is that, when the
cements contain dehydrated gypsum, and possibly
when they do not contain dehydrated gypsum
but contain relatively large amounts of alkali

sulfates, aeration can cause false set by decreasing
the rates at which C3A and aluminoferrites com-
bine with SO3 during the first few minutes of

contact with water. Because of the wide varia-
tions in cements, it is not possible to give figm-es

for the amounts of dehydrated gypsum and
alkali sulfates required to produce this type of

false set. Such figures would have to be deter-

mined for each cement.
Table 4 gives data for a cement ground with

natural anhydrite at about 225 °F with 1 percent
of water. The penetration data for the unaerated
cement indicate no tendency toward rapid stiff-

Table 3. Data for a commercial cement ground with a 4O-6O blend of gypsum plus natural anhydrite

Treatment

Penetration—mm (0359)
Minutes

of

shaking

Extract for W/C = 0.75

Moles/liter

Init. 5 min 11 min Remix SO3 (0H)2 CaO Na20

None 60+ 45 37 50+ 1 0. 025 0.028 0.028 0. 024
3 .016 .043 .028 .031

Aerated 24 hr 47 47 46 50+ 1 .052 .024 .059 .018
3 .040 .024 .046 .018

Aerated 48 hr 46 27 10 50+ 1 .053 .023 .063 .014
3 .043 .023 .0.51 .015
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Table 4. Data for cement ground with natural anhydrite

Cement
Penetration—mm

Minutes
of shaking

Moles/liter

Init. 5 mln 8 mln 11 mln Remix (0H)2 CaO Na20

As ground 50+ 50+ 50+ 50+ 50+ 1 0. 018 0.022 0.023 0. 017
3 .017 .023 .022 .018

Aerated 48 hr.- 50+ 0 0 0 0 1 .009 .013 .007 .015
3 .001 .020 .002 .019

Aerated+0.5% SO3 > 50+ 43 34 20 50+ 1 .044 .014 .050 .009
3 .042 .012 .042 .011

Aerated+1.0% SO3 50+ 47 15 6 50+ 1 .043 .015 .049 .009
3 .046 .012 .048 .010

" Hemlhydrate.
i> SO3 at equilibrium, 0.015 to 0.018 mole/liter.

ening in this cement, and the extraction data
show that the solution, which should contain
about 0.018 moles of SO3 per liter, was saturated
with respect to SO3 at the 1-min period and
remained close to saturation during the 3-min
period. In other words, the natural anhydrite
in this cement dissolved at about the rate at which
SO3 combined with the cement.

Aeration gave a cement that generally would
be classed as quick setting because it was not
possible to get a workable mortar by reworking.

An examination of the extraction data shows
that the rate at which this cement combined with
SO3 was markedly increased by aeration. At 3

min, the solution was almost devoid of both SO3
and CaO and contained primarily alkali

hydroxides.
The results in this table indicate that aeration

reduced the rate at which C3S, and perhaps other
cement minerals, released Ca(0H)2 to the solu-

tion. They also indicate that this deficiency in

the Ca(0H)2 content of the solution permitted
the aluminates to combine with SO3 at a relatively

high rate. It seems that these results support
the conclusions by various authors which were
stated earlier to the effect that Ca(OH)o is the
primary retarding agent.

When 0.50 percent of SO3 as hemihydrate was
added to the aerated sample, quick set was
eliminated, but the cement showed some false

set. The extracts show that the solution was
highly supersaturated with respect to gypsum
at the 1- and 3-min periods and, accordingly,

would be expected to precipitate gypsum. This
addition of hemihydrate provided CaO to maintain
a high concentration of Ca(0H)2 in the solution.

There seems to be no reason to expect that
aeration would decrease the rate of solution of

natural anhydrite. Also, from the results of

table 3 and the results reported by Dr. Manabe,
there is good reason to believe that the rate at

which SO3 would combine in the aerated sample
should have been reduced. Since it appears not
to have been reduced, one has to search for a
cause of the acceleration produced by aeration.

The data indicate that this acceleration was
caused by the lack of Ca(0H)2 in the solution.

These data appear to lend very strong support to

the theory that Ca(0H)2 is the material that

retards the rate of reaction of the aluminates and
that the real purpose of calcium sulfate is to

supply Ca ions to react with alkali hydroxides
and maintain the supply of Ca(0H)2.
Our second conclusion is that aeration may

produce quick set in cements when the cements
contain relatively small amounts of dehydrated
gypsum. Because of the variability in cements,
it is not possible to predict the amounts of de-
hydrated gypsum required by different cements
to prevent quick set.

Our third conclusion is that aeration decreases,

by chemisorption of either or both CO2 and H2O
from the air, the rates at which the cement
minerals react with water. Data presented by
Dr. Manabe indicate that CO2 is required. How-
ever, it seems likely that CO2 must be accom-
panied by water vapor. If the cement contains
dehydrated gypsum, the decreased rate of reac-

tion of aluminates will cause the cement to

develop false-setting characteristics. If the ce-

ment contains very little or no dehydrated
gypsum, the reduced rate at which C3S releases

Ca (011)2 to water will develop a tendency for

the cement to become quick setting.

After reaching these conclusions, a study was
made with a commercial cement ground in a short
mill in closed circuit with an air separator. The
cement from the separator was immediately
cooled to about 120 °F before going to storage.

The data for a sample of this cement after being
in storage for a few days are given in table 5.

Table 5. Data for cement ground with gypsum and cooled

to 120 °F

Treatment
Penetrations—mm (C359)

Initial 5 mln 8 mln 11 min Remix

A) As received 50+ 50+ 50+ 50+ 50+
B) 10 Weeks in a can 50+ 45 38 22 50+
C) B+0.25% SOs" 50+ 46 45 36 50+
D) B+0.50% CaCh 50+ 50+ 44 36 50+
E) B, aerated 24 hr 45 42 32 16 50+

» As hemihydrate.

X-ray diffraction data showed the presence of

gypsum in this cement but gave no evidence for

the presence of hemihydrate. Extraction data
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indicated a slight supersaturation with respect

to gypsum at 1 min and no supersaturation
at 3 min.
The penetration data show that the rate of

stiffening of the cement increased during storage

for 10 weeks in a covered can and that aeration

for 24 hr caused a further increase. Additions
of either hemihydrate or calcium chloride de-

creased the rate of stiffening, which was to be
expected if the increased rates of stiffening pro-

duced by storage and aeration wei-e the result

of more rapid reactions of the C3A and alumino-
ferrites caused by decreased reactivity of C3S.

These data support the conclusion that aeration

will tend to produce quick-setting characteristics

in a cement that contains little or no dehydrated
gypsum.

Several of the discussers have raised the question
of alkali carbonates. I still feel that very little,

if any, alkali carbonate will be formed during
aeration. However, if it is formed and dissolves

quickly when the cement comes in contact with
water, it should precipitate CaCOs. In this way,
it would rob the solution of CafOH)2 and tend
to produce quick set. Any reagent added to

cement that tended to form an insoluble calcium
salt would tend to produce quick set. This
might be the explanation for the results obtained
by Dr. Manabe with lignosulfonates.

Messrs. Rio and Turriziani suggest that the

ratio of dehydrated gypsum to gypsum in the

original cement might be changed during aeration.

Results of a recent study by Razouk, Salem,
and Mikhail [5] indicate that this is unlikely.

These investigators studied the sorption at

different temperatures of water vapor by soluble

anhydrite produced in vacuo. They found that
this product quickly sorbed sufficient water at

very low vapor pressures to form the hemihydrate.
Only very minor amounts of additional water
were sorbed as the vapor pressure increased

until the relative humidity was very close to

100 percent. The sorption of water vapor to

form gypsum from a saturated atmosphere was
very slow compared to the sorption at lower
vapor pressures to form hemihydrate. The
authors concluded that the formation of gypsum
took place "only in the presence of the saturated

vapor of water".
It seems from this work that, if the conditions

in a mill could produce soluble anhydrite, this

compound would be converted almost instanta-

neously to hemihydrate when the cement was
discharged from thejnill and contacted the colder

air which always carries some water vapor. It

seems also that, except for exposures to air of

extremely high humidities, hemihydrate in cements
would never be converted to gypsum. The
results of this work indicate that only three forms
of calcium sulfate will be found in commercial
cements. These are natural anhydrite, gypsum,
and hemihydrate. In many cases, the gypsum
used in cement plants contains small amounts of

anhydrite and, in recent years, some cement

plants have adopted the practice of using mix-
tures containing relatively large amounts of

natural anhydrite.

Messrs. Gaskin and McGowan point out Llial

mechanical as well as thermal action could de-
stroy the structure of gypsum. They visualize

that some particles of calcium sulfate in cements
are composites of gypsum, hemihydrate, and
soluble anhydrite and propose the term "cement
gypsum" for the product. This condition seems
entirely possible, but the action of such a com-
posite probably is similar to the action of a blend
of small particles of gypsum and small particles

of hemihydrate. They state what everyone
probably accepts, i.e., "prevention is better than
ciu:"e where false set is concerned".

It seems from many of these discussions that

it is well established that false set is caused by
dehydrated gypsum and that a manufacturer
who produces a cement containing dehydrated
gypsum may have problems that differ somewhat
from those of another manufacturer producing a

similar cement because of differences in grinding
circuits, differences in compositions of clinker,

etc. It appears, however, that it would be diffi-

cult to prevent all dehydration of gypsum in

commercial grinding circuits. It also appears
that the presence of small amounts of dehydrated
gypsum might be helpful in preventing quick set

that might tend to develop in a cement containing

largely gypsum or natural anhydrite or a mixture
of the two.

Several discussers have suggested that, in

cements which contain both gypsum and dehy-
drated gypsum, the former acts as nuclei to speed
up the crystallization of gypsum in the cement
pastes. This possibility was studied by grinding

quartz sand with 2.0 percent of SO3 as gypsum
and as hemihydrate and blending the two to

obtain powders with 2.0 percent of SO3. Quartz
was also ground with 1 percent of SO3 as hemihy-
drate to provide a few blends with less than 2

percent of total SO3.

The original powders and blends were tested

with 32 percent of water by ASTM Method C359,
and some were tested by modifications of this

method in which mixing was stopped midwa}^ in

the mixing period for either 1, 3, or 5 min. The
mortar was then mixed for 1 min after this waiting

period. The data are given in table 6.

The total period of mixing and molding in C359
is 3 min. It is seen from this table that 1.0

percent of SO3 as hemihydrate produced rather

severe stiffening. The stiffening was much less

when the powder contained 1.0 percent of SO3 as

gypsum as well as 1.0 percent as hemihydrate.
This supports the contention hy Dr. Manabe and
others that more crj^stallization of gypsum wiU
occur in the mixing period if the cement contains

some gypsum crystals to act as crystallization

nuclei. The data also show that the 1-min

waiting period was very effective in decreasing the

stiffening in this mortar and that the longer periods

were less effective than the 1-min period. This
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Table 6. Data for quartz with blends of gypsum and
hemihydrate

Percent SO3 as Penetrations-mm (C359)
Waiting
period

—

Gypsum Hemi- min a Initial 5 min 11 min Remix
hydrate

2. 00 None No 50+ 47 46 50+
None 2.00 No 2 2 1 17

None 1.00 No 30 23 16 35

1.00 1.00 No 50+ 43 32 50+
1.00 1.00 1 50+ 50+ 43 50+
1.00 1.00 3 50+ 46 41 47

1.00 1.00 5 50+ 44 41 50+
0. 25 1.75 No 11 10 4 15

.25 1.75 1 16 16 10 30

.26 1.75 3 34 20 13 39

.25 1.75 5 30 25 13 34

"Waiting period midway during mi.xing, Tollowed by 1 min mixing.

result was to be expected, because the mortar
should tend to stiffen gradually with time.

The data show that 0.25 percent of SO3 as

gypsum was not very effective in decreasing the

stiffening caused by 1.75 percent of SO3 as hemi-
hydrate, and that the 3- and 5-min waiting periods

were more effective than the l~min waiting period

in decreasing the stiffening.

Mr. Laneuville gives data for two cements
ground in a cold mill. One (cement B) made with
a lightly burned clinker containing 2.50 percent
of SO3 was ground without added SO3, and the

other (a normally burned clinker) was ground
with 4.0 percent of gypsum and had an SO3 con-
tent of 2.30 percent. These cements contained
alkalies equivalent to 0.78 percent of Na^O. Pure
gypsum has an SO3 content of 46.6 percent.

Therefore, about 1.9 percent of SO3 was added
as gypsum and about 0.4 percent existed in the

clinker, probably as alkali sulfates.

The 0.78 percent of NaoO could combine with
1.01 percent of SO3. Hence, the SO3 in cement
B might have existed as 1.00 percent in alkali

sulfates and 1.50 percent in natural anhydrite.

It seems perfectly normal for these quantities of

alkah sulfates and natural anhydrite to give a

cement without quick-setting tendencies as

ground. Heating should not in any way increase

the rate of solution of this SO3 and, accordingly,

should not produce a false-setting cement. It

appears that this cement contained sufficient

readily soluble SO3 in the form of alkali sulfates

to prevent quick set upon aeration.

Cement A, ground with 1.9 percent of SO3 as

gypsum in a cold mill should not be false setting

as ground, and it should develop false set upon
heating to 293 °F. The fresh cement showed
slight stiffening when aerated for 5 days and severe

stiffening when aerated for 10 days. One would
expect a cement ground with gypsum in a cold

mill to show a tendency to become quick setting

upon aeration. Also, one would expect that the
cement when heated to 290 °F and aerated would
show false set just as it did when heated and
tested without aeration. The behaviors of these
cements seem to fit into the hypothesis proposed
for the development of false and quick set upon
aeration.

The method for determining evaporable water
described by Messrs. Seligmann and Greening and
the X-ray method used by Mr. Ahlers should be
be useful in studying a grinding operation to
determine the degree to which the gypsum is

dehydrated during grinding and the rate at
which it dehydrates during storage. It appears
that the rate at which C3S reacts with CO2 and
water vapor as well as the rates at which the
aluminates react with these materials should be
investigated.

Professor Santarelli offers a new method of
studying the setting characteristics of cements.
The use of these newer methods might be a way
of learning more about the nature of the reactions
that occur during the setting of cements.
Mr. Swayze suggests a new approach to the

study of these reactions and also that a more
logical explanation of false set is needed. He
suggests that stiffening of cement pastes is a
flocculation of the grains of cement. Those who
support the crystallization-of-gyspum theory feel
that the cement paste is stiffened by the inter-
lacing of the gypsum crj^stals. No one seems to
have been very specific as to forces that produce
a coherent mass of quick-setting paste. I have
visualized the rapid reaction of water with C3A
and aluminoferrites as converting the surfaces of
the crystals to more or less amorphous materials
that cement the grains of cement together. The
mechanism of setting and hardening certainly
needs additional study, and it appears that the
methods that have been devised to study false set
will be useful in that study.
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Paper IV-3. Chemistry of Hydration of Portland Cement*

E. Copeland, D. L. Kantro, and George Verbeck

Synopsis

The results of recent investigations have provided evidence for the presence of several
aluminates and sulfoaluminates in hardened portland cement pastes. For some of these,
little evidence for their presence had been obtained previously. Some indications have also
been obtained as to the nature of the iron-bearing hydrates.

Information as to the water contents of the various hydrates formed can be obtained
for certain drying conditions by statistical analysis of nonevaporable water data as a function
of the composition parameters of the cement.

Along with X-ray and statistical results, free-lime data obtained by X-ray quantitative
analysis can be combined with the oxide composition of a cement so that an estimated
composition of a hydrated paste of that cement can be calculated. Most of our concepts
about the rate of hydration of cement in pastes or concrete have been based on the rate of
increase of strength, heat of hydration, and fixed water. Inferences concerning the rates of
hydration of the individual components have been made from considerations of rate of change
in heat of hydration, and in related physical and chemical properties of the hydration prod-
ucts. Direct measurement of these latter rates show that the inferences are not always
true.

Recent data are presented on the heats of hydration of the different ASTM types of
cements at ages from 3 days to 13 years at 0.40, 0.60, and 0.80 water-cement ratio. The
significant influence of water-cement ratio on the rate of hydration of cement can be inter-
preted in terms of physical parameters of the hydrating paste. The effect of temperatures
in the range of 4.4 to 110 °C on the rate of hydration of cement can be expressed by the
Arrhenius equation.

As a first approximation, the intrinsic hydration characteristics of cements can be
expressed in terms of the compositions of the cements, by least squares analyses of heat
evolution and chemically combined water. Secondary changes of the hydrated calcium
aluminate are indicated. Some aspects of the roles of gypsum, alkalies, glass content, and
ignition loss of the original cement on heat evolution are considered.

Resume

Les r^sultats de recherches r^centes ont fourni des preuves de la presence de plusieurs
aluminates et sulfoaluminates dans les pates de ciment portland durcies. Pour certaines
d'entre elles, cette presence n'etait jusqu'a present que peu evidente. Des indications ont
6t6 6galement obtenues quant a la nature des hydrates ferriferes.

Pour certaines conditions de s6chage, on peut obtenir des informations concernant les

teneurs en eau des differents hydrates formes, au moyen d'une analyse statistique des
donn^es de I'eau non-6vaporable en fonction des parametres de la composition du ciment.

Avec les r^sultats des rayons X et statistiques, les donnees de chaux libre obtenues par
analyse quantitative des rayons X peuvent etre combinees aux compositions oxydes d'un
ciment de fagon telle que Ton peut calculer une composition estim^e d'une pate hydrat6e
de ce ciment. La plupart de nos concepts sur la vitesse d'hydratation du ciment dans les

pates ou dans le beton ont ^te bases sur la vitesse de I'augmentation de la resistance, la

chaleur d'hydratation, et I'eau fix^e. Des deductions concernant les vitesses d'hydratation
des composants individuels ont et6 tiroes a partir de considerations sur la vitesse de cliange-

ment dans la chaleur d'hydratation, et dans les propri^t^s physiques et chimiques, s'y

rapportant, des produits d'hydratation. La mesure directe de ces dernieres vitesses indique
que les deductions ne sont pas toujours vraies.

Presentation est faite de donnees recentes sur les chaleurs d'hydratation des differents

types de ciments selon les normes ASTM a des ages allant de 3 jours a 13 ans a un rapport
eau-ciment de 0.40, 0.60, et 0.80. L'influence significative du rapport eau-ciment sur la

vitesse d'hydratation du ciment peut etre interpretee en fonction de parametres physiques de
la pate qui s'hydrate. L'equation Arrhenius peut exprimer I'eff'et des temperatures allant de
4.4 a 110 °C sur la vitesse d'hydratation du ciment.

Comme premiere approximation, on peut exprimer les caracteristiques intrinseques

d'hydratation des ciments en fonction des compositions des ciments, par analyses aux ecarts

moindres quadratiques de revolution de la chaleur et de I'eau chimiquement combinee. Les
changements secondaires de I'aluminate de calcium liydrate sont indiques. Certains aspects
du role du gypse, des alcalis, de la teneur en verre, et de la perte au feu du ciment original sur

revolution de la chaleur sont consideres.

Zusammenfassung

Die Ergebnisse der neuesten Forschung haben gezeigt, daB mehrere Aluminate und
Sulfoaluminate in geharteten Portlandzementmassen vorhanden sind. Einige dieser sind

friiher nicht identifiziert worden, und man hat auch schon etwas tiber den Charakter der

eisenhaltigen Hydrate ausfindig machen konnen.

Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from the Research and Development Laboratories
of the Portland Cement Association, Skokie, 111.
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Man kann den Wassergehalt der verschiedenen Hydrate fiir gewisse Trocknungsbedin-
gungen mit Hilfe einer statistischen Analyse, bei der das nichtverdampfungsfahige Wasser
als Funktion der Zusammensetzungsparameter des Zementes ausgedriickt wird, bestimmen.

Durch eine Kombination der Rontgenbeugungsmessungen, der statistischen Resultate
und der Werte ftir freien Kalk, wie sie durch quantitative Rontgenstrukturbestimmungen
erhalten werden, und auch der Oxydzusammensetzungen kann man eine schatzungsweise
Zusammensetzung der hydratisierten Paste eines solchen Zements errechnen. Die meisten
unserer Ideen iiber die Hydratationsgeschwindigkeit des Zements in Fasten oder in Beton
wurden durch ein Studium der Geschwindigkeit der Festigkeitszunahmen, der Hydratations-
warme und des gebundenen Wassers erhalten. Die Hydratationsgeschwindigkeiten der
einzelnen Verbindungen wurden von Betrachtungen, die sich mit den Hydratationswarme-
veranderungen befassen, und auch mit verwandten physikalischen und chemischen Eigen-
schaften der Hydratationsprodukte, inter- und extrapoliert. Aber direkte Messungen dieser
Veranderungen haben gezeigt, daC solche Inter- und Extrapolierungen manchmal zu Irrtii-

mern leiten konnen.
Die letzten Messungen der Hydratationswarmen der verschiedenen ASTM-Typen der

Zemente, die zwischen 3 Tagen und 13 Jahren alt waren, und mit Wasser/Zementverhalt-
nissen 0,40, 0,60 und 0,80 angemacht worden waren, werden erortert. Der bedeutungsvolle
EinfluB des Wasser/Zementverhaltnisses auf die Hydratationsgeschwindigkeit des Zements
kann mit Hilfe der physikalischen Parameter der hydratisierenden Masse ausgedruckt
werden. Der Temperaturefifekt kann zwischen 4,4 und 110 °C fiir die Zementhydratationsge-
schwindigkeit vermittelst der Arrhenius Gleichung ausgedruckt werden.

In erster Annaherung kann die korpereigene HydratatationskenngroCe als Funktion der
Zementzusammensetzungen ausgedruckt werden, wenn man die Methode der kleinsten
Quadrate auf die Warmeentwicklung und das chemisch gebundene Wasser anwendet. Das
hydratisierte Kalziumaluminat zeigt sekundare Veranderungen, die besprochen werden.
Die Einfliisse des Gipses, der Alkalien, des Glasgehalts und des Gewichtsverlusts bei Rotglut
des urspriinglichen Zements auf die Warmeentwicklung werden besprochen.

Foreword

The difficulties encountered in the study of the chemistry of hydration
of Portland cement have been discussed many times, and are known only too

well by all who work in this field. In spite of these difficulties progress is being
made, even though the path to understanding may meander a bit.

The past work on the pure compounds found in cement has provided a
foundation for the study of the hydration of cement itself, and the constant
improvement in experimental techniques has made it possible to begin the
study of hydration products in hardened pastes of portland cement. The
chemistry of hydration of cement in hardened pastes has been emphasized in

this review; perhaps it has been overemphasized. Many of the conclusions

presented here are based on good evidence; others are admittedly tentative,

but they are included in order to establish a basis for further discussion.

The paper is divided into three main sections: In the first section the
composition of the hydration products of portland cement is discussed. In the

second section the rate of hydration of cement, and the rate of hydration of

each of the four major phases in cement is reviewed. In the third section

the most recent information on the energetics of hydration is presented.

I. The Stoichiometry of the Hydration of Portland Cement

D. L. Kantro and L. E. Copeland

Status of the Problem as of 1952

By 1952, it had been established [1] ' that the

silica-bearing phases in portland cement react

with water to form calcium silicate hydrates of

two possible types, designated CSH(I) and
C2SH(II). These hydrates were observed and
discussed by Taylor [2], many of his observations
being in good agreement with earlier work. The
similarity between CSH(I) and the natural mineral

' Figures in brackets indicate tlie literature references at the end of this

paper.

tobermorite was pointed out by Claringbull and
Hey [3] and discussed in detail by Bernal [1].

The C2SH(II), while not in the tobermorite com-
position range, showed many similar properties.

The X-ray diffraction diagrams of these two cal-

cium silicate hydrates are so much alike that to

distinguish between them is quite difficult. Hence
it could not be ascertained at the time of the 1952
London Symposium whether either or both of

these calcium silicate hydrates occurred in hy-
drated portland cement.

430



It had been surmised by a number of investi-

gators that the 3:2 calcium sihcate hydrate of the

tobermorite series, that is, CSH(I), was the more
hkely product formed in the hydration of portland
cements. That this is the case arises from the
fact that it is this composition of sohd which is in

equilibrium with a saturated Ca(0H)2 solution

[4]. If C2SH(II) were to form, it would pre-

sumably be a metastable product. As far back
as 1938, the 3:2 calcium silicate hydrate was
considered to be the product of the hydration of

the silicate phases of portland cement. For
example, Bessey [5] arrived at this conclusion on
the basis of free calcium hydroxide determinations
on hydrated pastes.

Steinour, in his 1952 review [4], points out that
the most probable reaction product of tricalcium

aluminate, at least initially, is the tetracalcium
aluminate hydrate, C4AH13. The cubic calcium
aluminate, CsAHe, if it forms at all, forms only
slowly. He points out also that the hexagonal
hydrate that forms has at times been reported as

an intergrowth of a dicalcium aluminate hydrate
and the tetracalcium aluminate hydrate, such
that the overall CaO:Al203 ratio of the phase
is 3.0.

In their discussion of Steinour's paper, Nurse
and Taylor [6] cite evidence from X-ray diffrac-

tion for the presence of C/AH13. They also cite

X-ray evidence for the cubic CaAHg, but inasmuch
as their observations were on a 22-year-old speci-

men, they concluded that the cubic hydrate was
the result of a slow conversion of the tetracalcium
aluminate hydrate.

There have been a number of investigations of

calcium aluminoferrites and ferrites, and calcium
ferrite hydrates have been prepared which are

analogous to some of the calcium aluminate
hydrates. The calcium ferrite hydrates form
solid solutions with the corresponding calcium
aluminate hydrates, but little experimental data

had been found that these solid solutions occur
in hydrated portland cement pastes.
One problem that has received a great amount

of attention for many years from cement chemists
is that of the sulfoaluminates, and, to a lesser

extent, sulfoferrites. These complex compounds
arise from the interaction of the appropriate
component of clinker with gypsum, added as a
retarder. In general, either of two calcium sulfo-
aluminates may form, these being the calcium
monosulfoaluminate, C3ACaS04-12H20, and
ettringite, C3A-3CaS04-3lH20. These compounds
are also known as the low sulfate and high sulfate
sulfoaluminate, respectively. As was pointed out
by Steinour [4], equilibrium studies such as those
made by Jones [7] indicate that ettringite forms
during the early stages of reaction, but as further
hydration of C3A takes place, the low sulfate
sulfoaluminate will form at the expense of the
ettringite. Once all of the SO3 has been used for

this reaction, further hydration of aluminate
should lead to a solid solution of tetracalcium
aluminate hydrate and calcium monosulfoalumi-
nate. However, at the time of Steinour's review,
no direct observation of either sulfoaluminate in
cement pastes had been made, and any conclusions
drawn were strictly by inference. The ettringite

observed in cracks and pores in old concrete or
hardened paste was considered to be formed by
secondary reaction due to exposure. More
recently similar observations were made on old
mortar exposed to air [8].

The calcium sulfoferrites corresponding to the
low-sulfate and high-sulfate sulfoaluminates have
been prepared individually [9]. The analogy of

the sulfoferrites to the sulfoaluminates both in

constitution and behavior has been pointed out.

However, no identification of either of the sulfo-

ferrites as a reaction product of cement, gypsum,
and water under ordinary conditions of hydration
could be made.

Methods of Investigation of the Chemical Reactions Occurring During the
Hydration of Portland Cement

The qualitative and quantitative information

concerning the hydration processes of portland
cement have been obtained in several different

ways. In general, however, regardless of what
technique is being used, the cement paste may be

treated in either of two ways. The observations

may be made on the paste as a whole or the paste

may be broken down into fractions such that one
or more of these fractions may be enriched with
respect to certain of the hydration products.

Nurse and Taylor [6] describe a method whereby
the paste is ground to a powder and then ground
in a suitable liquid such that a suspension of finest

particles is formed. The suspension is removed
from the coarse fraction and centrifuged to recover

the fine fraction.

Differences in specific gravity of various con-

stituents have also been used to effect separation.

Taylor [10] separated several fractions from finely

ground pastes by centrifuging the material in

bromoform and bromoform-benzene mixtures.
Turriziani [11] used a sedimentation apparatus in

which the suspending agent was amyl alcohol.

Several fractions of different finenesses were
obtained and division of these into subfractions

by the specific gravity technique using bromo-
form-benzene mixtures was then performed.
The separation methods have certain difficulties

associated with them. It has not yet been pos-

sible to separate a fraction consisting of a single

hydration product, nor has it been possible to

separate a fraction which contained all of a given
substance that occurs in the paste, e.g., if a given
fraction is shown to be enriched with respect to

the iron-bearing component, it still will not con-

tain all of the iron-bearing phases in the original
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paste. Finally, there is the distinct possibility
that the products of hydration may be altered by
the separation process. Nurse and Taylor found
CsAHa in some of their fractions, but attach little

importance to the result since the sample was
heated at one stage of the procedure.

Perhaps the most fruitful investigations made
of hydrated cement pastes, either whole or
divided, are those using X-ray diffraction tech-
niques. Most of the X-ray examinations of
cement pastes made up to the present time have
been by the Debye-Scherrer film technique.
However, the recent development of the diffrac-
tometer now permits greater resolution and re-
veals important details heretofore unknown. It
was with apparatus of this type that Kantro,
Copeland, and Anderson [12] examined a group of
well-hydrated portland cement pastes of various
compositions. Although portions of these pastes
were ground and dried, no treatment was given
them to cause any unknown phase alteration.
Fully hydrated pastes were used so that clinker
hues would not interfere with the lines of the
various hydrates. The hydrated pastes were
examined both in saturated condition and in dried
condition. The saturated specimens were small
rectangular slices removed from the centers of the
paste cylinders and polished smooth. The sur-
faces obtained contained no holes due to air
bubbles inasmuch as the pastes were prepared by
a vacuum-mixing technique [13] so that no air
was entrained. Provisions were made to keep the
specimen saturated during the entire X-ray
observation. The remainder of the paste was
ground to pass a 200-mesh sieve and dried either
over Mg(C104)2-2-4HoO or over ice at -78 °C
(see below). These dried powders were packed
in small sample holders and their diffraction
patterns observed in the usual manner. Some
dry powder specimens were bi ought to equilibrium
at other relative humidities prior to X-ray exami-
nation. This was accomplished by placing the
sample in a desiccator over an appropriate satu-
rated salt solution, evacuating the desiccator, and
allowing the sample to stand under these condi-
tions for at least 2 weeks.
One of the difficulties encountered by many

investigators attempting to identify the hydration
products of Portland cement by X-ray diffraction
techniques is the alteration or decomposition of
certain of the hydration products as the result of
drying.

Lines of some substances disappear and others
shift to new positions. In view of this type of
behavior, observations of both wet and dry gam-
pies produce more useful information than either
type of observation alone. The assignment of a
diffraction line to a particular material is often
complicated by the presence of a second substance
having a line in the same vicinity. However,
when the water content of the paste is changed,
such that some of the lines may shift while others
do not, the identification of a particular hydrate
m Portland cement paste may be made not only

on the basis of the presence of lines at certain

o?-spacings, but also on the basis of the shifts the

lines have when the paste is wetted or dried.

Likewise, the lack of a line shift serves as a useful

identifying feature in some cases.

Thermogravimetric and differential thermal
analysis techniques have been applied to hydrated
Portland cement pastes. Taylor [10] used thermo-
gravimetric analysis to show the relationship of

the weight loss-temperature curve of a portland
cement paste to those of various substances which
may be hydration products. However, no definite

conclusions may be drawn from the cement paste
data, although they do indicate the type of result

to be expected.

Recently Turriziani [11] used differential ther-

mal analysis (DTA) in an investigation of the
hydration products of portland cement. This
method, however, like thermogravimetric analy-

sis, in its present state of development suffers from
certain shortcomings. Primary among these is

that a number of possible cement hydration prod-
ucts have endotherms so close to the same position

that, as Turriziani points out, "... the

characterization of the individual components of

the mixture is practically impossible." How-
ever, by observing samples under reproducible
conditions, one can often derive information from
the relative amplitudes of certain peaks.

Until recently, most of the investigations carried

out with the electron microscope have been limited

to the study of hydration products formed in a
large excess of water. Such studies are subject to

the " difficulties in verifying the indications relative

to cement paste" mentioned by Steinour [4].

Surface replica techniques are now being used to

study the structure of hardened pastes, and methods
of sample preparation are being developed that

may permit one to study the substances produced
when cement hydrates as a paste. Selected area
electron diffraction in conjunction with electron

microscopy promises to be a most useful tool. Its

greatest disadvantage is the inability to control

the orientation of the extremely small crystallites

found. Eventually electron diffraction patterns
of crystals with known compositions will provide
the information necessary to make certain the
identification of the products of hydration of

cement.
Although electron-optical investigations of the

stoichiometry of portland cement hydration fall

within the realm of this discussion, they have, for

the most part, been omitted, inasmuch as the
entire field of electron-optical investigations in

cement chemistry is discussed elsewhere in this

symposium.
Chemical analysis has and always will provide

a great deal of necessary information in the study
of cement hydration products. One of the tech-

niques of chemical analysis widely used is the
determination of free calcium hydroxide. The
quantitative analysis for free calcium hydroxide
by means of X-rays [14] provides an excellent

means for determining the amount of crystalline
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calcium hydroxide present in a given paste. If

amorphous calcium hydroxide is also present [15],

needless to say, it is not detected by the method.
All free calcium hydroxide, both crystalline and

amorphous, may be determined by solvent extrac-
tion techniques. The Franke method [16] using
a mixture of isobutyl alcohol and ethyl acetoace-
tate as the extraction solvent has been modified
recently [17, 18] so that the total calcium hydroxide
extracted may be corrected for the amount of
calcium oxide removed from other substances in

the mixture, provided this decomposition has
proceeded slowly relative to the rate of solution of
free calcium hydroxide. If the decomposition is

rapid, however, no such correction can be made,
and it is impossible to distinguish between extract-
able and free calcium hydroxide by this technique
alone.

It therefore is quite advantageous to compare
results of X-ray and solvent extraction calcium
hydroxide determinations in order to obtain useful
information about the hydrated cement paste
system. Some results obtained by this method
will be discussed in a later section.

The interpretation of the data obtained by the
methods described above in quantitative or semi-
quantitative terms requires that other chemical
data be available. Among these are the oxide
composition of the original cement, the compound

composition of the original cement and the bound
water content of the hydrated paste.

The oxide analyses may be obtained by con-
ventional analytical techniques. The potential
compound composition of the cement may then
be calculated according to the method of Bogue
[19]. The determination of the actual composition
of the cement may be carried out by means of
X-ray quantitative analysis [20, 21]. This again,
like the X-ray free lime determination, is an
internal standard method.
The bound water content or nonevaporable

water content of hydrated cement paste is a some-
what arbitrary value, depending upon the equilib-

rium water vapor pressure to which the material
was dried. Although many methods of drying
have been devised in the past only two will be
considered in the ensuing discussions and these

will be described here. The two methods differ

mainly in the desiccant used, and hence in the

equilibrium vapor pressure. One of the desic-

cants is a mixture of magnesium perchlorate

dihydrate and tetrahydrate, which produces an
equilibrium vapor pressure of 8 m- The other is ice

at the temperature of dry ice having an equilib-

rium vapor pressure of Yi /x. The method of

vacuum drying specimens to the Yi \i level has been
described in detail by Copeland and Hayes [22].

The Hydration Products of Portland Cement

The Calcium Silicate Hydrate

The results obtained from patterns of both wet
and dry cement pastes [12] indicate that a calcium
silicate hydrate of the tobermorite type is present,
in afreement with the results reported by Taylor
[10]. Only tliree diffraction maxima are observed
for this substance. Bernal, Jeffery, and Taylor
[23] report only two lines for the products of hydra-
tion of C3S at room temperature. These were at

3.07 and 1.83 A. More recently, Brunauer,
Copeland, and Bragg [24] reported lines at 3.03,

2.82, and 1.83 A from the products of the hydra-
tion of C3S as paste at room temperature. It is

possible that the 2.82 A line was missed in the
older work because it is a peak superimposed on
the broad high angle shoulder of the 3.03 A line,

and as a result, would be difficultly detectable
by a Debye-Scherrer technique. Brunauer,
Kantro, and Copeland [15] have found that the
calcium silicate hydrate produced by the hydra-
tion of C2S as well as that by C3S shows the same
three diffraction lines.

The X-ray diffraction patterns of hydrated
Portland cement pastes have certain character-
istics in common with those of hydrated C3S and
C2S. The same tliree lines ascribable to calcium
silicate hydrate in the pastes of the pure silicate

compounds also appear in cement paste patterns.
The characteristics of these lines in cement paste
patterns are much the same as in the calcium

silicate paste pattern. There is a broad hump
with a maximum in the vicinity of 3.05 A. This
peak is quite asymmetric, just as in the cases of

C3S and C2S, falling off relatively sharply on the

low angle side and much more gradually on the
high angle side. In the wet slab patterns, the

principal calcite line, at 3.03 A [25], is super-
imposed on this peak.
The line found at 2.82 A in calcium silicate

hydrate patterns appears shifted to 2.78 A in

cement paste patterns. This shift is due to the
presence of lines from other hydi'ation products
at about the same spacing. Among the substances
contributing to the 2.78 A peak is ettringite, with
a line at 2.77 A [26]. This line, however, would
not be present in dry powder patterns. Although
the ettringite pattern disappears when the sample
is dried, the 2.78 A line does not shift back to

2.82 A. The low sulfate sulfoaluminate has a line

in the vicinity of 2.78 A [27, 28, 29]. Thus, the

persistence, on drying, of the 2.78 A line in sub-
stances showing no low sulfate sulfoaluminate,

but only ettringite, as well as in substances show-
ing the simultaneous presence of both indicates

that sulfoaluminates are not solely responsible

for the shift.

The 2.78 A line in cement pastes appears to be
somewhat stronger than that of the 2.82 A line in

pastes of hydrated calcium sUicates. The shape
is also somewhat different and is that shape to be
expected if a line from a well-crj^stallized h3'drate
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were superimposed upon the 2.82 A tobermorite
line.

The 1.82 A tobermorite line is easily distinguish-

able. The line appearing here is far too strong to

be accounted for as the low sulfate sulfoaluminate
line found by Midgley [27, 28] at 1.82 A, while
Fratini, Schippa, and Turriziani [29] do not report
a low sulfate sulfoaluminate line at this spacing.

No known hydration product other than tober-

morite can give a line strong enough to account
for the 1.82 A spacing observed.

It can be seen from the above discussion that
the same calcium silicate hydrate lines appearing
in patterns of hydrated pastes of C3S and C2S are

found in the patterns of hydrated portland cement
pastes. Although these lines tend to characterize

this hydrate as a tobermorite type, they constitute

a set of data too meager in themselves to give any
information as to the composition of this phase.

There are indications from other techniques as

well that the calcium silicate hydrate in portland
cement pastes is of the tobermorite type, e.g., the
thermogravimetric curves of Taylor [10] and the
differential thermal data of a number of investiga-

tors, most recent among these being Turriziani

[11]. Finally, Gaze and Robertson [30] have iden-

tified tobermorite crystals as the product of hy-
dration of a foamed mixture of portland cement
and asbestos, using an electron microscope. The
presence of tobermorite in this latter example is

not conclusive that it is the product of ordinary
paste hydration, however.
The calcium silicate hydrate which forms in

Portland cement pastes probably contains small
amounts of impurities, primarily alumina. It was
shown by Kalousek [31] that aluminum can be
substituted for silicon in the tobermorite lattice

without the substance losing its original identity.

Compositions containing as much as 4 to 5 per-
cent AI2O3 were prepared hydrothermally. A
similar situation may exist in portland cement
pastes during hydration at room temperature.
Other substances such as alkali may also enter
into the silicate structure [32].

The Calcium Sulfoaluminates

In the preceding paragraphs, several references
were made concerning the presence of either the
low sulfate calcium sulfoaluminate, the high sul-
fate calcium sulfoaluminate, or both. X-ray dif-
fraction lines of both substances have been ob-
served in hydrated pastes, sometimes separately
and sometimes simultaneously. Table 1 lists the
X-ray diffraction c?-spacings observed with wet
slabs of several cement pastes. Table 2 lists

c?-spacings observed with dried ground cement
pastes.

The two strongest ettringite lines, at 9.73 and
5.61 A [26] occur in positions not interfered with
by other possible products of cement hydration.
It can be seen in table 1 that whenever the 9.73 A
line appears in a hydrated cement, the 5.61 A line
also appears. In most cement pastes where they

appear, these lines are weak and the other et-

tringite lines are proportionately weaker so as to

be obscured by normal background variation.

However, in those patterns where the 9.73 A line

is more intense, some of the weaker lines such as

4.69 and 3.48 A can be distinguished. The rather
strong line occurring at 3.88 A is somewhat ob-
scured by a calcite line. However, as this calcite

line is weak relative to the principal calcite line,

at 3.03 A, the 3.88 A line found in all cement paste
patterns showing 9.73 and 5.61 A lines is easily

seen to be too strong to be accounted for only as
calcite.

As can be seen from table 1, the ettringite lines

are found in pastes which have been cured for

long periods of time. Thus the data for 10-year-

old pastes made from cements of various composi-
tions indicate the presence of a significant quantity
of ettringite, except for those pastes made from
cements high in C3A. However, in pastes of one
high C3A cement, 15754, samples of which have
been prepared under a variety of conditions, no
ettringite is found except in the youngest paste
observed, one which was hydrated for only 6

months. Thus it would appear that this cement
behaves in the manner described by Taylor [10],

in that ettringite forms at early ages, and then
disappeai-s. Taylor suggested that the disappear-
ance of ettringite may be due to the formation of

the low sulfate sulfoaluminate, which then dis-

solved in the C4AH13 phase to form a solid solution.

On the other hand, ettringite has been observed
in some cements, such as those mentioned above,
even after long periods of curing. This type of

behavior is in agreement with that observed by
Turriziani [11], who found this material in pastes
made from four different cement compositions,
and hydrated at two different water-cement ratios,

at ages from 7 days to 6 yr.

Considerably less success has been had in years
past in identifying the low sulfate sulfoaluminate
in portland cement pastes by X-ray diffraction

techniques. Turriziani [11] was unable to find

evidence for monosulfoaluminate in any of his

specimens over the whole range of compositions,
water-cement ratios, and times investigated. He
concluded that if this material does form, it does
so only at a very slow rate. Diffraction patterns
for the compound C3A-CaS04-12H20 have been
reported by Midgley [27, 28] and Fratini, Schippa,
and Turriziani [29]. The results are in reasonably
good agreement. The principal diffraction peaks
for this material are at 8.9 and 4.45 A. The 8.9

A line has been observed in certain of the wet slab

patterns, the data for which are given in table 1.

The 4.45 A line appears in every one of these as

well, but in addition, in patterns in which the 8.9

A line does not appear. As will be seen later,

this arises from the fact that a strong line from
another phase also appears at 4.4 A. The other
lines of the calcium monosulfoaluminate are either

too weak to be detectable in view of the difficultly

distinguishable 8.9 A line, or else other substances
have lines appearing in the same locations, such
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Table 1. X-ray d-spacings—hydrated cement wet slab and rewetted sample data

Specimen C-8 C-54 C-87 C-75 C-75 ' C-66-K C-66-0 C-61-C C-33-1 C-33-1 0 C-31-) C-32-1

Cement
Type —
Nominal W/C.
Age
Spacings, A

15764
I

.40
11 yr

15754
I

. 56
11 yr

15754
I

.40
7 yr

15754
I

.65
7 yr

16754
I

.65
7 yr

15754
I

.70
11 mo

9.0 9.0

16764
I

.57
6 mo
9.7

7.8 7.8 7.8 7.7 7.8 7.8
8.7
7.8

5. 09
4.94

5. 06
4. 92

5. 09
4. 93

6.09
4. 93

C)
4. 93

5. 09
4. 94

5. 66
5. 11

4. 92

LTS-17
I

.70
lyr
9.8
9.0
8.6
7.8
7.4
5. 68

" 5. 08
4. 94

16622
II

.60
10 yr

15622
II
.60

10 yr
9.8

4.00
3. 88
3.79

4. 38
4.27
4.00
3.86
3.78

4.43
4. 27
4.03
3.86
3. 77

4. 49
4. 39

4.02
3. 87
3. 77

4. 48
4. 40
4. 28
4. 02
3. 86

7.8
7.4
6.64

' 6. 06
4. 93
4. 72

7.8
7.4
5.66
(">)

4. 94
4. 72

15497
III

.60
10 yr
9.7
9.0
8.3
7.8

15669B
IV
.60

10 yr
9.8

5.64
5. 08
4. 92
4. 72

7.8

4.92
4. 72

4. 41 4. 39
4. 27

4. 48
4.41

3. 36
3. 31

3.43
3. 35
3. 30

3. 34
3. 45
3. 35
3. 31

3. 67

'3."42'

"3.'32"

3.88
3.78

4.02
3.88
3. 81

4. 39
4.26
4.04
3.88

4.40 4.41
4. 26
4. 02
3.88
3.81

4.29
4.02
3.88

3.50

3. 32

3. 45
3. 34

3.50
3. 67
3. 48

3. 67
3. 48 3. 49

3. 69
3. 49

3. 36
3.31

3. 35 3. 38
3. 32

3.36
3. 31

3. 36

3. 12

3. 05
3.11
3. 04
2. 97

2.88

3. 12

3. 06
3.12
3.05

2.88

2.78 2. 77 2.78

2.88
2.84
2.78

3. 12

3. 04
2.97
2. 89

3. 12

3. 05

2.78

2.63
2. 60
2. 53

2. 50
2. 47
2. 43
2. 37

2.63
2.58
2.62
2. 60
2. 45

2.42

2. 29
2. 27

2.31
2. 29
2. 26

2. 14

2. 10
2. 07
2. 01

1.96
1.932
1.912
1.881
1.826
1.799
1. 722
1.690

2.63
2.59
2. 64
2. 50
2. 46
2. 43
2. 37
2.31
2. 29
2. 27
2. 19

2. 63
2. 59
2. 53
2. 49
2. 47

2. 43
2. 36

2.63
2. 58
2. 54

2.89
2.83
2. 78
2. 69
2.63
2.59

3. 12
3. 05
2.98
2.88

3. 12
3. 05

3. 12

3. 05
3. 12

3. 05
3. 12

3.06

3.26
3. 12

3. 05

2.i

2. 46
2. 42
2. 36

2. 49

"2.'43'

2. 79
2.69
2. 63
2. 69
2. 54
2. 49
2. 46
2. 43

2. 36

2.78

2.63
2. 69
2.54

2. 46
2. 43
2. 37

2. 78
2. 67
2. 63
2. 57
2. 54
2.51
2. 46
2.42

2.78
2. 69
2.63
2. 58

2.63

2.44
2. 35

2. 77
2.70
2.63
2.56
2.53
2. 50

2. 46
2. 43
2. 36

2.84
2.78

2.63
2.56

2. 51

2. 45
2. 41

2. 10

2.06
2. 01

1.96
1.929
1.912
1.875
1.819
1.796
1.714
1.68S

1.660
1.639

1.658
1.635

2. 10
2. 06
2.02
1.97
1.931
1.912
1.879
1.824
1.799
1.723
1.689
1.665
1.660
1.638
1.609

2. 29
2. 27
2.19
2. 14
2. 10

2. 01

1.931
1.912
1.879
1.824
1.799
1.719
1.690

2. 29
2. 26
2. 20
2. 14

2. 10
2. 07
2.01
1.96
1.930

2. 29
2. 27
2. 19

2. 14

2.11
2. 07
2. 01
1. 96
1.932

2. 29
2. 26
2.20
2. 14

2. 10

1.875
1.823
1.798
1.717
1.688

1.827
1.799
1.719
1.690

1.660
1.638

1.658
1.638

1. 662
1.635

2.02
1.96
1. 930
1.912
1.879
1.823
1.798
1.723
1.688
1.662
1.652
1.638
1.607

2. 30
2. 27
2.20
2. 14

2. 10

2.04
2. 01
1.96
1. 931

2. 29
2. 27
2.21
2. 15

2. 09
2. 06
2. 01

2. 29
2. 27
2. 21

2. 16

2.10
2. 06
2.01

1.881
1.828
1.799
1.723
1.690

1.930
1.912
1.879
1.823
1.797
1.722
1.689

1.931

1.661
1.639

1.657
1.636

1.824
1.798
1.720
1.689
1.663
1.656
1.638

2. 29
2. 26
2. 21

2.14
2. 10

2. 06
2.01
1.96
1.930
1.912
1.875
1.823
1.797
1.717
1.688
1.667
1.654
1.638

2. 29

2. 21
2. 16

2. 10

2.06
2. 01
1.97
1.932
1.912
1.879
1.826
1.801

1.689
1.666

1.634

» Shoulder on strong peak. Exact d-spacing not certain.
•> Badly obscured by strong peak. Spacing cannot be estimated.

that assignment of the diffraction maximum to a
particular substance would be questionable.
However, the low sulfate sulfoaluminate lines

do not behave in the same way as ettringite, when
the material is dried. Instead, the basal reflec-

tions shift to lower c^-spacings, while the other
lines show no significant change. Roberts [33]

points out that upon drying over anhydrous CaCl2,
the low sulfate sulfoaluminate basal spacing con-
tracts from 8.9 to 8.2 A. When this material is

dried in C02-free air at 115° or in vacuo at room
temperature to the half-micron level, the 8.9 A
line, assigned 001 by Fratini, Schippa, and
Turriziani [29], contracts to 8.2 A, and the line at

4.45 A, assigned 002, contracts to 4.1 A [34]. The
8.2 A line appears in the patterns of those pastes
for which the wet slab pattern showed the 8.9 A
line. In the past, the 8.2 A line has been at-

tributed to the tetracalcium aluminate hydrate
[10], but the fact that it appears only in patterns
of material which, when dry, shows the low sulfate

° Dried sample, rewetted in a saturated atmosphere.

sulfoaluminate line, indicates that it is this sub-

stance which is responsible for the line. Like\vise,

the 4.15 A hue in dried powder patterns appears

only when the 8.2 A line does. That the 4.4 A
line does not disappear in dry powder patterns

is due to the fact that another material, not

affected by drying, contributes to it.

The lines of low sulfate sulfoaluminate appearing

in dry powder patterns are strong and sharp,

indicating that a significant amount of the ma-
terial is present in the paste. This is true even

for those pastes whose wet slab patterns gave low
sulfate sulfoaluminate lines which were vevy weak.

The weakness of the lines in wet pastes is due to

the effect of carbonation.

Dried specimens of several of the pastes included

in tables 1 and 2 were brought to equilibrium with
various relative humidities. No significant changes
were observed at humidities below 28 percent.

However, in patterns of low sulfate sulfoaluniinate-

bearing samples, equilibrated at higher humidities,
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Table 2. X-ray d-spacings—hydrated cement dried powder data

Specimen C-75 C-49 C-61-C C-33-1 C-33 C-33-1 C-31 C-32-1 C-32

Oement 15754 15754 LTS-17 15622 15622 15497 15497 16669B 16669B
Type I I I II II III III IV IV
Nominal W/C .65 .65 .70 .60 .60 .60 .60 .60 .60
Age 7 yr 5 yr 1 yr 10 yr 7 yr 10 yr 7 yr 10 yr 7yr
Spacings, A_ 8. 2 8.

2

8. 2 8. 2 8.

2

7. 7 7.

9

7. 7 7. 8 7.

8

7. 7
7. 3 7. 4 7. 3

5. 47 5. 48 5. 45 5. 47 5. 43 5. 45 5. 47 5. 48
a 5. 06 C) (») " 5. 06 5. 06 5. 07 ' 5. 06 {") C)
4.92 4. 95 4. 91 4. 92 4. 92 4. 92 4. 92 4. 92 4. 92
4. 41 4.41 4.41 4. 41 4.39 4. 39 4. 39 4.40 4. 39
4. 09 4. 10 4. 07 4.08 4. 08

4. 00
3. 89 3. 92 3. 86 3. 89 3.86 3. 92
3. 62 3. 66
3. 31 3. 32 3. 31 3. 32 3. 35 3. 31 3. 30 3. 30

3. 21 3. 18
3. 12 3. 12 3. 12 3. 12 3. 12 3. 12 3. 12 3. 12 3. 11

3. 04 3. 05 3. 03 3. 05 3. 04 3. 04 3. 05 3. 03 3. 03
2. 92 2.92
2. 88 2. 88 2. 88 2. 86 2. 86 2. 87
2. 78 2. 78 2. 78 2.78 2. 77 2. 77 2. 76 2.79 2. 78

2. 70 2. 71 " 2. 67 2. 68
2.63 2. 63 2.63 2.63 2. 63 2. 63 2. 63 2. 63 2.63

' 2. 60 2. 59 2. 60 2. 58 2. 55 2. 58
2.53 2. 53 2. 53 2. 53 2.53 2.53 2.53 2. 53
2. 49 2. 48
2.46 2. 46 2.46 2. 45 2. 46 2. 47 2. 45
2. 43 2. 43 2. 43 2.44 2.43 2. 42
2.35 2. 35 2. 35 2. 35 2. 35
2. 31 2.30 2.30 2. 30 2.30
2. 26 2. 26 2. 26 2. 26 2. 26 2. 26 2. 28
2. 08 2. 10 2. 08

2. 05 2. 06 2. 05 2. 05
2. 01 2. 01 2. 01 2. 01 2. 01 2. 01 2. 00 2. 01 2. 02
1. 93 1. 93 1. 93 1. 93 1. 93 1. 93 1. 93 1. 93 1. 93
1. 88 1. 89 1. 89
1. 82 1. 82 1. 83 1. 82 1. 82 1. 82 1. 82 1. 82 1. 82
1. 80 1. 80 1. 80 1. 80 1. 80 1. 80 1. 80 1. 80 1. 80
1. 72 1. 72 1. 72 1. 72 1. 72 1. 72 1. 71 1. 71
1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1. 69
1. 65 1. 65 1. 65 1. 65 1. 65 1. 65 1. 65 1. 65 1. 66
1.64 L64 L64 L64 1.64 L 64 L64 L 64
1.61 1.60 1.62

a Shoulder on strong peak. Exact d-spaolng not certain. ^ Bably obscured by strong peak. Spacing cannot be estimated.

the 8.9 A line appeared. It showed only as a
shoulder on the 8.2 A peak at 28.8 percent relative
humidity, was about equal in intensity with the
slii-inking 8.2 A peak at 33 percent relative humid-
ity, and at 42 percent relative humidity, the 8.2 A
peak was a small shoulder on the 8.9 A peak.
These features are illustrated in figure 1. At
higher humidities, the patterns appeared quite like

the wet slab patterns, except that no significant
amount of carbonation had occurred. As a result,

the low sulfate sulfoaluminate lines were of inten-
sities comparable to those of the lines in the dried
powder patterns. That is, they were strong and
sharp. Because of this, it was easy to distinguish
the 4.45 A sulfoaluminate line from a 4.40 A line

due to another phase (see below). This resolution
is illustrated in figure 1. Furthermore, it can be
seen from results in tables 1 and 2 and in figure 1

that while the 4.1 A line in the dry material shifts
to 4.45 A in the wet material, the line at 4.0 A
reappears as well when the sample is rewetted.
This corresponds to the line reported at 3.99 A by
Midgley [27, 28] and at 4.02 A by Fratini, Schippa,
and Turriziani [29].

Thus in figure 1, idealized patterns in the 9 A
and 4 A regions are shown for pastes containing
the dry form of low sulfate sulfoaluminate, the
wet form, and an intermediate case (33 percent
humidity) in which both forms appear simultane-
ously. The differences between wet slab and re-
wetted powder patterns show that low sulfate

sulfoaluminate reacts with CO2 just as does
Ca(0H)2.
The ettringite lines appearing in wet slab pat-

terns at 9.8 and 5.6 A are absent in the dried

powder patterns of these pastes. Rewetting these

pastes at humidities up to 47 percent has no sig-

nificant effect on the diffraction pattern. Rewet-
ting at 100 percent relative humidity causes the
ettringite lines to return. No significant amount
of carbonation occurred with these rewetted sam-
ples, and yet the ettringite lines were of compa-
rable intensities to those in the original wet slab

patterns wherein considerably more carbonation
occurred. Thus, if CO2 reacts with ettringite, it

does so sufficiently slowly so as not to affect the

X-ray observations.

The low sulfate sulfoaluminate is found in

pastes made from cements high in C3A, but not
in those made from cements low in C3A. On the

other hand, ettringite is the only sulfoaluminate
found in pastes made from cements low in C3A,
while little if any of it is found in pastes of cements
high in C3A.
One of the cements low in C3A discussed above

is of especial interest in one respect, however. If

the low sulfate sulfoaluminate were to have formed
instead of ettringite, not enough AI2O3 would be
present in the cement to react with all the SO3.

Under these circumstances, it is possible that a

sulfoferrite might form. Malquori and Cirilli [35]

have prepared calcium sulfoferrites analogous to
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Figure 1. Calcium monosulfoaluminate lines in X-ray patterns of portland
cement paste at different relative humidities.

the calcium sulfoaluminates which are found in

hydrated portland cement pastes. The X-ray-
diffraction patterns of these sulfoferrites are, in

general, very much like those of their sulfoalumi-
nate analogs. As a result, the sulfoferrite com-
pounds, were they present in portland cement
pastes, would not be readily distinguishable from
their aluminate counterparts. However, there is

evidence that the iron-bearing phase in cement
hydrates in a unique manner not involving SO3.
This will be discussed in the next section.

The Calcium Aluminate and Calcium Ferrite
Hydrates

The calcium aluminate and calcium ferrite hy-
drates have been reported as existing in hydrated
cements in two different forms: cubic and hexag-
onal. The cubic hydrates are represented by the
compounds C3AH6 and CsFHe ; -the hexagonal hy-
drates are represented by the compounds C4AH13
and C4FH13. It was shown by earlier investiga-

tors such as Wells, Clarke, and McMurdie [36]

that C3AH6 is the stable calcium aluminate hy-
drate in contact with solutions saturated with
respect to calcium hydroxide. On the other hand,
in none of the discussions of the stoichiometry
of the hydration of portland cement is much
evidence given for the presence of the cubic tri-

calcium aluminate hydrate. On the basis of evi-

dence available at the time, Steinour [4] stated
that ".

. . initial formation of C4AH13 in clinker

and water paste seems much more probable than
formation of cubic C3AH6. ... It is not impos-
sible, however, that the cubic hexahydrate might
form later." In recent X-ray investigations of

Portland cement pastes, Taylor [10] and later

Turriziani [11] report only the hexagonal tetra-

calcium aluminate hydrate, C4AH13; they observed
no cubic tricalcium aluminate hydrate in the pastes.

In the discussion to follow we shall review
evidence that both cubic and hexagonal hydrates

are present in hardened pastes and that the cubic

phase at least is a solid solution of several sub-

stances. We shall discuss first the cubic and then

the hexagonal hydrates.

It can be seen from the data in tables 1 and 2

that a group of lines appears distinctly in patterns

of all cement pastes except the Type IV cement,

which is quite low both in AI2O3 and in Fe203,

and even in patterns of this cement paste there is

evidence of these lines. This gi'oup of lines

appears at 5.07, 4.40, 3.32, 2.26, 2.01, and 1.72

A, corresponding to six relatively strong C3AH6
lines reported at 5.14, 4.45, 3.37, 2.30, 2.04, and
1.75 A by Midglev [27, 28], and at 5.13, 4.45,

3.36, 2.30, 2.04, and 1.75 A by Burdese and Gallo

[37]. The lines for the analogous iron compound,
C3FH6, are reported at 5.20, 4.54, 3.40, 2.33, 2.07,

and 1.77 A by Flint, McMurdie, and WeUs [38]

and at 5.18, 4.50, 3.41, 2.33, 2.07, and 1.77 A
by Burdese and Gallo [37]. More complete

c?-spacing data for these materials are given in

table 3. The reported CjAHe lines are all higher

than those observed in the hydrated cement
pastes, and the C3FH6 lines are farther removed
from the observed lines. The spacings observed

in cement pastes would not be those expected

from CsAHg, C3FH6, or a solid solution of the two.

Burdese and Gallo [37] also report spacings for

a partiallv deh3^drated cubic tricalcium ferrite,

C3FH2. these spacings are 5.07, 4.38, 3.32, 3.10,

2.78, 2.53, 2.27, 2.01, and 1.72 A in very good
agreement with those observed in cement pastes,
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Table 3. d-spacings reported for tricalcium aluminate and ferrite hydrates and corresponding spacings in some representative
hydrated cement pastes

hkl [38] » CsAHe [38] CjAHs [27, 28] C3AH8 [37] C3AH3.75 [44] C3FH6 [38] C3FH9 [37] CsFHj [37] C-75 C-33-1

211
220
321
400
420
332
422
431
521
440

611, 532
620
444
640

633, 552, 721
642

651, 732
800
840

0. iO^ V

4. 47(M)
3. 37(M)
3. 15(M)
2. 81(M)

5 14(S)
i. 45(M)
3. 37(M)
3. 15(M)
2.82(MS)

5. 13(MS)
4. 45(M)
3. 36(MW)
3. 15{W)
2. 81(MS)
2. 68(VW)
2. 55(W)
2. 47(W)
2. 30(MS)
2. 23(W)
2. 04(S)
1. yy^ V w ^

1. 82(VW)

1. 71(W)
1.68(S)

0. uo^ \ \\ )

4. 39(VW)
3. 30(VW)
3. 09(VW)
z. i t\ \ yy

)

5. 20(M)
4. 54(S)
3. 40(W)
3. 19(S)
9 s^if^c;"^Z. oOyO )

2. 72(VW)
2. 60(M)
2. 50(VW)
2. 33(M)

5. 18(MS)
4. 50(S)
3. 41(MW)
3. 19(MS)
2.85(MS)
2. 72(VW)
2. 61(MW)
2.51(W)
2. 33(MS)
2. 26(W)
2. 07(S)
9 n9/'W^z. uzt, vv ^

1.84(WW)
1 77(]VI)

L74(VW)
1. 71(VS)

0. U 1
^iVX ^

4.38(MW)
3. 32(W)
3. lO(MS)
Z. (o^iv±o^

5 09
i. 39
3. 31

C^)

1.°;

K Aft

4.39
3.32
(")

(°)

2. 56(VW)
2. 46(W)
2. 30(VS)
2. 22(VW)
2.04(S)
1.99(VW)
1.81(VW)
1. 74(W)
1.71(W)
1.68(M)
1.60(VW)
1.57(W)
1.40(W)

2. 57(W)
2. 47(MW)
2. 30(VS)
2.23(VW)
2.04(S)
1.99(VW)
1. 82(VW)
1.75(MW)
1. 71(W)
1.68(M)
1.60(M)
1. 57(VW)
1.41(MS) .

2.26(VW)

2. 53(M)
2.44(WW)
2.27(W)

2. 53
2.43
2. 27

2. 53
2.44
2.27

2. 01 (VW) 2. 07(M)
1. 99(W)

1.77(M)
1. 73(W)
1. 70(VS)
1.62(VW)
1. 59(W)
1.43(M)

2. 01(S)
i. yot_ w )

1.79(VW)
1 72(M)
L 70(VW)
1. 66(VS)

2. 01
1 QR.

1 79

2.01

1 79/'VW11 . / i V. V VV ^
1 79
1. (Z

1. 66(VW) i. 66 1. 66

1. 57(W) i. 60(W) 1.55(W)

» Numbers in brackets refer to literature cited at end of text.
•i Probably present, but overlapped by Ime from some other component.

as can be seen in table 3. The lines at 3.10 and
2.78, of course, are overlapped by strong lines of

Ca(0H)2 [39] and the calcium silicate hydrate,
respectively. (It is to be pointed out here again
that the strength of the 2.78 A line is far too great
to be accounted for on the basis of any aluminate
or ferrite.) The compound C3FH2, however, is

obtained by dehydration of CsFHg at 250 °C [40].

It is difficult to imagine that a species normally
formed by dehydration at relatively high temper-
atures should form at room temperature in a
saturated aqueous system, unless some other sub-
stance were dissolved in it to stabilize it. Stabili-
zation of solid phases under conditions far removed
from equilibrium is not an unusual phenomenon,
especially in cement chemistry; one merely need
consider the case of /S-CsS. However, the more
usual examples, such as ^-02^, do not involve an
aqueous solution phase.
From the kinetic data presented in another

section of this discussion, it would appear that the
ferrite phase in portland cement hydrates with
no significant change in A/F ratio of the remaining
unhydrated material. Hence, one might assume
that the product of hydration may be a solid
solution of a ferrite and an aluminate such that
the A./F ratio of the solid solution is the same as it

was in the original ferrite phase. Thus, if the
original ferrite phase had an A/F ratio of unity,
then the hydration product in question would
presumably be an equimolar solid solution of a
C3F hydrate and a C3A hydrate, the phase having
the overall composition CeAFH^,. On the basis
of a statistical analysis of nonevaporable water
data as a linear function of the composition
parameters of a group of 27 cements (the water
data being obtained from a group of well-hydrated
cement pastes), the water content of such a phase
is calculated to be 6 moles per mole of CeAF;
that is, the phase has the composition CeAFHg.
This work, and the calculations leading to this
result, will be discussed in detail m a later section.
However, it is interesting to note that the water

results obtained are such as to indicate that no
pure ferrite phase can form, and that solid solu-

tion with an aluminate is probably necessary.
The composition CeAFHe can be considered to

correspond to a solid solution of C3FH2 with an
aluminate of composition C3AH4. The lattice of

C3AH6 shrinks in a regular manner as water is

removed [41, 42, 43] but the lattice remains cubic
as long as the H/A ratio is greater than 1.5. One
might expect a composition C3AH4 to have almost
exactly the same lattice parameter as C3FH2.
Indeed, this appears to be the case, since Burdese
and Gallo report the lattice constant of C3FH2 to

be 12.39 A, and Koberich [44] gives the lattice

constant of C3AH3.75 as 12.37 A. The X-ray
c^-spacings reported for this material are in reason-

ably good agreement with those of C3FH2 and
those found in patterns of hydrated pastes as can
be seen in table 3.

The estimation of the composition of this

ferrite-aluminate solid solution phase is still a first

approximation. The material is more likely to be
a silica-containing member of the hydrogarnet
series. The estimated water content would be
expected to be low because it is replaced by silica

as was described by Flint, McMurdie, and Wells

[38]. Thus, if the estimated lattice spacing of

12.38 A is taken into consideration, and it is still

assumed that the A/F ratio of the material is 1.0,

then the material corresponds to a hydrogarnet
having a composition in the vicinity of C6AFS2Hg.
The lines ascribed to the proposed solid solution

phase appear in wet slab as well as dry powder
patterns, as is indicated by the data in tables 1

and 2. However, in almost all patterns, wet or
dry, the 5.07 A line is partly obscured by the

4.90 A calcium hydroxide line [39]. In many
cases a shoulder appears sufficiently distinctly so

that a reasonable estimate of the c^-spacing at

5.07 A can be made. In a few other cases, how-
ever, the shoulder is not as distinct, and about
all that can be said for such cases is that there is

a line present, though fairly well hidden by the
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FiGUEE 2. The appearance of the 5.07 and 4.40 A lines in portland cement
paste X-ray patterns.

calcium hydroxide line. Examples of these types

are given in figm'e 2.

The X-ray pattern of this solid solution phase
obtained from a sample of a well-hydrated paste

of cement 15754 from which most of the calcium
hydroxide had been extracted by means of water
was somewhat more distinct. The 5.07 A peak
was almost completely undisturbed by the 4.90 A
calcium hydroxide line. The 3.11 A line was too

large to be accounted for by the remaining calcium
hydroxide, and although little evidence for other
substances containing aluminum or iron was
found, the 2.78 A peak was still too large to be
caused only by the calcium silicate hydrate phase.

There is little evidence to show either a growth
or decrease of the solid solution hydrate lines as

a function of time. The lines appear in the pastes

of cement 15754 at all ages reported in table 1.

Hence, there is no indication that this hydrate
would only be a product of hydration of the C4AF
phase after long periods of time. On the contrary,

whatever amount of this hydrate is found would
appear to have been formed at some early age,

and to have remained unchanged thereafter.

In his DTA investigation Turriziani [11] was
unable to detect any cubic phase, either CsAHe,
CsFHg, or a hydrogarnet. He observed decom-
position temperatures in the vicinity of 375 °C for

C3AH6 and two members of the solid solution

series C3AH6-C3AS3. However, if the hydrogarnet
had an A/F ratio of 1.0, then the decomposition
temperature ought to be in the vicinity of 240
°C [38]. An endotherm at this temperature may
be difficult to detect when an endotherm also

appears at 220 °C due to the presence of

tetracalcium aluminate hydrate.
Many investigators in the past have reported

the presence of a hexagonal tricalcium aluminate
hydrate. Schippa and Turriziani [45] state that

it is impossible to form such a compoimd under
conditions such as those that exist in a hydrating
cement paste, and that the substance observed
is actually calciimi monocarboaluminate. AU of

the wet slab patterns show a line at 7.8 A, corre-

sponding to the principal line of calcium mono-
carboaluminate [46]. Much of this carboaluminate
may have resulted from the carbonation of the
wet slabs during handling. However, the pastes
of cements high in C3A have a 7.8 A line with a
pronounced asymmetry on the low-angle side,

indicating the presence of another, weaker line

at a higher (i-spacing. In some high C3A cement
paste patterns, this asymmetry has developed
into a shoulder such that the c?-spacing of the
peak causing it may be estimated. The value
obtained, 8.3 A, is very close to the position of

the strongest line of tetracalcium aluminate hy-
drate, C4AH13, reported by Schippa and Turri-

ziani [45] as 8.4 A, and by Roberts [33] as 8.2 A.
In the wet slab patterns, this line is sufficiently

weak that it is not expected that any of the other

C4AH13 lines, all of which are weaker than the 8.4

A line, would be detectable. In some dried powder
patterns, other lines are seen.

The principal peak of the iron analog of this

aluminate, that is, C4FH13, occurs at 8.2 A [47].

Thus, a solid solution of this material with, the

corresponding aluminate could produce a hne at

8.3 A. However, the determination of f?-spacing

from a shoulder of the type described is far too

inaccurate to warrant any conclusion regarding
the composition of the hexagonal phase.

In the dried powder patterns, the 7.8 A line is

much weaker, since very little if any carbonation
has occurred during handling. The fact that no
shift is observed in this hne when the specimen
is dried is in agreement mth results obtained on
a sample of pure calcium monocarboaliaminate
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which was dried to the half-micron level. The
pattern of the dried pure compound showed no
appreciable shift in line positions from those in

the wet sample pattern [34], and was in reasonably
good agreement with the spacings reported by
Turriziani and Schippa [45, 46] and by Buttler,

Dent Glasser, and Taylor [48]. The carboalumi-
nate line in dried samples, and in rewetted samples
as well, is weak, indicating that not much of the
material is present. That little, if any, CO2 has
entered the dried pastes is indicated by the fact

that the principal calcite line is not observable.

Buttler, Dent Glasser, and Taylor present
diagrams of patterns of CiAHjs after various

drying treatments. These patterns indicate a
shift in the basal reflection in the same way as

was found for the monosulfoaluminate. When
heated to 105 °C, the C4AH13 hne at 8 A shifted

to 7.8 A. Drying at 105 °C is roughly equivalent
to the vacuum drying condition described by
Copeland and Hayes [22]. However, when
C4AH13 is dried in vacuo at room temperature
[34], the basal line shifts from 8.4 A, the wet
state position [45], to 7.8 A over a relatively short
period of time. Continued drying for a much
longer period of time (21 days) led to only a
small weight loss relative to that in the first 3

days, but the basal reflection shifted to 7.4 A,
in agreement with the value reported by Roberts
[33]. X-ray patterns of this material revealed
only the 7.8 A line unless special precautions were
taken to eliminate all traces of water vapor,
this being done by passing a dry nitrogen stream
over the sample while the pattern was being
obtained. Hence, it appears that very little

water need be taken up by the well-dried C4AH13
before the basal reflection shifts from 7.4 A to

7.8 A, so that in many cases, the line observed
at 7.8 A may represent either carboaluminate,
C4AH13, or both. The reversibility of the hydra-
tion-dehydration process in C4A hydrate was
also noted by Roberts. However, there is always
a small amount of CO2 in any paste, most of
which was present in the cement prior to hy-
dration. If all this CO2 were in the form of

carboaluminate, there would, in most cases, not
be enough present such that all of the tetracal-

cium aluminate hydrate potentially in the paste
would be in the form of carboaluminate.
The diffraction maximum observed at 7.8 A

is not a strong, sharp peak, but rather a low,
broad hump. This spacing is the basal reflection

of the pseudohexagonal crystal [48], regardless

of which of the two compounds it represents.

The fact that this reflection is poorly developed
indicates that the crystals may be quite small
and disordered, a condition somewhat akin to

that of the CSH(I) produced by reaction of

CaO and SiOa at room temperature. (The
calcium silicate hydrate produced by the hydra-
tion of C3S, of course, shows no basal reflection

whatever [15, 24].)

There is some evidence that tetracalcium ferrite

hydrate may also have a diffraction line at 7.8

A. Various investigators have reported different

basal reflections for C^FTlx, presumably because
each investigated material with a different mois-
ture content. Greening and Seligmann [47]

found the basal spacing to be 8.2 A for material
in the saturated state. Watanabe and Iwai

[49] report a value of 7.96 A for somewhat drier

material. Taylor [50] has X-ray data for a
hydrate of the composition C4FH]o which in-

cludes a basal reflection of 7.8 A. However,
even this material would presumably lose water
on further drying to the level, and as a result,

undergo further layer contraction. This would
result in a downward shift of the basal reflection

toward the 7.4 A value reported for dried tetra-

calcium aluminate hydrate. There is no infor-

mation available at present as to how rapidly

this dried ferrite hydrate would pick up moisture.

In some of the dried powder patterns, other

lines of the hexagonal calcium aluminate hydrate
are seen. The most important among these is

at 3.9 A, the 002 reflection. The carboaluminate
has no line at 3.9 A, but rather, one at 3.8 A.
This latter spacing appears in many wet slab

patterns, along with a line at 3.9 A caused by the
presence of calcite. In the dry powder patterns,

no calcite lines appear, and no line at 3.8 A.
However, a small line at 3.9 A is found indicating

that the hydrated aluminate is primarily C4AH13.
The spacing at 3.9 A is also one found with
C4FH10 [50]. Lines appear at 2.46 and 2.10 A
in the dried powder patterns, but these also

contain contributions from other compounds,
such as calcium monosulfoaluminate. The simi-

larity of the pattern of this latter compound with
that of tetracalcium aluminate hydrate is quite

marked, with the exception of the locations of

the basal reflections.

There remains the distinct possibility that the

cement paste pattern lines attributed to mono-
sulfoaluminate are in truth those of a solid solu-

tion of this material with the tetracalcium

aluminate hydrate, but this would not obviate
the fact that the evidence obtained indicates the

presence of this latter material by itself.

The Dependence of Water Content on Cement Composition

Nonevaporable water data have been obtained
on a group of cements hydrated for times up to
13 yr [51, 52]. The cements used were those pre-
pared for use in the "Long Time Study" project
at the Portland Cement Association Research and

Development Laboratories. The oxide composi-

tions and the potential compound compositions

of these cements were published by Lerch and

Ford [53].

440



It was assumed that both nonevaporable water
and surface area were dependent on linear func-
tions of the cement composition parameters.
Thus:

w„/c=A:i(ante)+ ^2(beUte)+
A:3(C3A)+ ^4(F,,)+^5(CaS04) (1)

where the kt are constants and w„/c is the non-
evaporable water content in grams of water per
per gram of cement. The quantities (alite) and
(belite) refer to the C3S and C2S phases as they
occur in portland cement, each containing minor
quantities of other oxides, primarily AI2O3, as has
been discussed by Jeffery (in the case of alite)

[54], and in some recent publications on the
quantitative analysis of portland cements by
means of X-rays [20, 21]. The symbol F^s repre-
sents the ferrite solid solution phase. All cement
compound quantities may be expressed in grams
per gram of cement.

It was shown in the quantitative cement
analysis work that the compositions obtained from
X-ray analysis did not differ significantly from
those obtained from the potential compound cal-

culation devised by Bogue [19] except in the case
of C3A. The C3A values were lower in the X-ray
determination because of the AI2O3 in the alite and
belite phases; the alite phase was correspondingly
higher because of this AI2O3. Inasmuch as the
ferrite solid solutions had A/F ratios near unity
for the most part, the X-ray and potential values
were in good agreement.
For the purposes of the calculations, it proved

expedient to use potential rather than X-ray
values because X-ray values were not available
for all of the cements. Since the AI0O3 in the
alite and belite phases probably behaves during
the hydration process in much the same manner
as the AI2O3 in C3A, it is likely that no significant
error is introduced by the use of potential data.
Expressed in terms of the potential compound
compositions, eq (1) becomes

wjc= a, (C3S)

+

a. (C2S)+ a, (C3A)+
a4(C4AF)+05(CaS04) (2)

where the Oi are again constants in the equation.
Since the quantity w„/c in eq (2) is a linear

function of the potential compound quantities,
which, in turn, are linear functions of the oxides

[19], it follows that wjc is also a linear function of
the oxides. Thus

Wnic- &i (CaO) -f 62 (SiOa)+ 63 (AI2O3)+
64(Fe203)-^65(S03). (3)

The coefficients in eq (2) have been evaluated
by the method of least squares from data oy)tained
from the "Long Time Study" (LTS) cements
hydrated for 1, 6}^, and 13 yr, at water: cement
ratios of 0.4, 0.6, and 0.8, and diied to approxi-
mate equilibrium with the vapor pressure of water
over a mixture of Mg(C104)2-2H20 and Mg
(0104)2-41120 (8 ix), or that of water over ice at
-78.5 °C (K m). The parameters of eq (2)

were evaluated including the CaS04 term
(5- parameter system) or omitting tliis term
(4-parameter system). The results arc shown in

table 4. In this table, the age of the specimen
is given in column 1, the water: cement ratio and
method of drying in column 2, the number of

parameters evaluated in column 3, the number of

cements in the data set in column 4, the values of

the parameters in columns 5, 7, 9, 11, and 13,

and the standard errors of these parameters in

columns 6, 8, 10, 12, and 14.

Investigations of the stoichiometry of the
hydration of C3S and C2S [15, 24] have shown that
the hydration reactions may be represented by
the equations

2C3S+5H=C3S2H2-f3CH (4)

2CoS+3H=C3S2H2+CH (5)

the composition of the calcium silicate hydrate
being given as that of the half -micron material.

From these equations, it is seen that each gram of

C3S reacts with 0.197 g of water, and each gram of

C2S with 0.157 g of water. The constants, Oi, in

eq (2), obtained from the least squares treatment
of the various sets of half micron sample data,

range from 0.199 to 0.208. It would therefore

appear that in 6.5-year-old pastes, hydrated at

relatively high water: cement ratios, for which
these values were obtained, the C3S is completely
hydrated.
The constants, a2, obtained from these same

data, range from 0.147 to 0.152. The fraction

of C2S hydrated, estimated as the ratio of the

calculated value of a? to the theoretical value

based on eq (5) is 0.951, on the average, for a

Table 4. Least squares coefficients from nonevaporable water data

Age wo/c &
drying »

No. of pa-
rameters

No. of

cements
as ^5

0.149 0. 312

0. 317 0. 460

-0.120 0. 410

0.607 0.409

0.243 0.380

0.503 0.333

0.786 0.360

13 yr

63^^yr

6^_yr

6J^_yr

1 yr

0.4(P)

0.8(P)

0.8(D)

0.6(P)

0.6(D)

0.4(P)

0.4(P)

27
27
23
23
23
23
24
24
24
24
27
27
27
27

0. 226
.230
.228
.234
.201
. 199
.228
.238
.204
.208
.223
,234
.212
.228

0.017
.015
.022
.020
.020
.018
.020
.020
.019
.017
.018
.017
.020
.019

0. 194
. 196

. 193

.197

. 154

. 152

.188

. 198

.147
. 151

. 170

.178

. 155

.168

0. 014
.013
.020
.018
.017
.016
.018
.017
.016
.015
.015
.015
.016
.016

.510

.522

.478

.509

.571

.561

.412

.477

.470

.496

.463

.504

.363

.429

0. 066
.060
.097
.085
.086
.075
.090
.081

.083

.072

.070

.066

.076

.074

0. 097
. 109
. 151

. 184

.190

.178

.091

. 142

. 129

. 149

. 117

. 158

.067

. 132

0. 065
.058
.097
.083
.086
.073
.079
.074
.074
.065
.069
.065
075
.073

» (P)—dried at 8/i vapor pressure; (D)—dried at vapor pressure.
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6.5-year-old paste hydrated at a water: cement
ratio of 0.6, and 0.974 for pastes of the same
age hydrated at a water: cement ratio of 0.8.

These latter values, however, must be considered
as maximum values, inasmuch as there is usu-
ally somewhat more water in the calcium silicate

hydrate phase than the two moles per mole of

Si02 indicated by the two eqs (4) and (5), [15].

For 8-11 dried C3S and C2S pastes, the stoichio-

metric equations are [15]:

2C3S+5.8H=C3S2H,.8+3CH (6)

2C2S+3.8H=C3S2H2.8+CH. (7)

These equations predict the values of ai and
a2 to be 0.229 and 0.199, respectively. The val-

ues obtained indicate that for pastes hydrated
at water: cement ratios of 0.4, after 1 jr, the

C3S is over 95 percent hydrated and after 6)2 yr,

it is completely hydrated. The C2S is not so well

hydrated, however, being, on the average, 81.4,

87.6, and 98.2 percent hydrated at 1, 6}^, and 13

yr, respectively.

Inasmuch as the cements used in the least

squares analysis are of widely different composi-
tions, it must be pointed out that such a treat-

ment is valid only for relatively well-hydrated
pastes, wherein the effect of dependence of hydra-
tion rate on cement composition is no longer
important.

Interpretation of the aluminate, ferrite, and
sulfate nonevaporable water results is more diffi-

cult. In the first place, there are several possi-

ble products of hydration, and as has been shown,
evidence has been obtained for the presence of

some of them. Others may be present for which
no evidence has as yet been obtained. As can
be seen from the standard errors, the least squares
parameters for the ferrite and sulfate are far less

certain than are the C3S and C2S parameters.
Fm-thermore, while there is no significant differ-

ence between the 4- and 5-parameter C3S and
C2S results, the other parameters are strongly
affected. The contribution of the sulfate in the
5-parameter calculation is absorbed primarily by
the aluminate and ferrite parameters in the
4-parameter calculation.

The least squares results may be expressed in
terms of oxides, according to eq (3). The param-
eters may then be converted to moles of water
per mole of oxide. When this is done, the results
for half-micron dried samples at a water: cement
ratio of 0.8, rounded to whole numbers (except
in the case of SiOs) are H/C=l, H/S=— 0.5,
H/A=5, H/F=-5, and H/S03=-2. These val-
ues may be used to predict the water contents
of the various possible products of hydration.
For instance, a calcium silicate hydrate with a
C/S ratio of 3/2 would have the composition
C3S2H2, just as was indicated from the potential
compound parameters and the stoichiometric
equations for the hydration of the pure silicates.

Tetracalcium aluminate hydrate would have the
composition C4AH9, which is to be compared with

the compositions reported by Roberts [33] for

tetracalcium aluminate hydrates dried imder vari-

ous conditions. Roberts gives H/A values of 11

for material dried over solid NaOH or anhydrous
CaCL, and values of 7 for material dried over
P2O5 or at 120 °C.

The calcium ferrite hydrate case is not so

simple. A tetracalcium ferrite hydrate would
have a negative water content, which is, of course,

absurd. However, if the aluminates and ferrites

were in solid solution, physically possible, and not
unreasonable, water contents are predicted.

The predicted water contents of the sulfo-

aluminates are, as was pointed out above, quite

uncertain. The water-to-oxide ratios given above
lead to the compositions C3A-CaS04-7H and
CsA-SCaSOi-SH. Lerch, Ashton, and Bogue [55]

found water contents for these materials, dried at

110 °C, to be 6H and 7H, respectively. Roberts'
recent work [33] indicates a value for the low
sulfate sulfoaluminate of about 811. If the least

squares H/SO3 value were —1 instead of —2, the

predicted compositions of the sulfoaluminates
would be C3A-CaS04-8H and C3A-3CaS04-8H.
Thus, on the basis of experimental evidence, it

appears that the H/SO3 ratio should be somewhere
between —1 and —2. Both these values fall

well within the uncertainty limits determined
statistically.

The evidence from the least squares calculations

combined with the evidence obtained from the
X-ray diffraction studies provides a strong indica-

tion that the alumina in C3A reacts in a different

manner from that in the ferrite phase. The
cements low in C3A shown in tables 1 and 2 both
contain ettringite. On the other hand, those
cements high in C3A when hydrated contained
the low sulfate sulfoaluminate. Thus, it appears
that only when the A/F ratio in the cement is

relatively high, does the low sulfate sulfoaluminate
form. Steinour points out, in his recent discus-

sion of the setting of portland cement [56], that
when the molar A/F ratio in a cement is less than
1.0, no retarder is needed. He also attributes

flash set to the formation of a hexagonal calcium
aluminate. Under the conditions obtained with
the use of the high C3A cements whose composi-
tions are given in table 5, the presence of gypsum

Table 5. Oxide compositions of four portland cements

Cement type 15754
I

15622
II

15497
III

15669
IV

Si02_
Percent

20. 67

63. 03
6.13

a 2. 20
2.05
2. 37

Percent
22.44
63. 81

3. 88
4. 20
1.36
1.59

Percent
19. 83
63. 41
5. 21

»2. 59
1.28
1.82

Percent
27. 51

63.73
1.95
1.92
1.64
1.82

CaO
AI2O3
Fe203 —
MgO —
SO3 —

-

Total 96. 45 97. 28 94. 14 98.57

Free CaO 0. 93
. 17

. 16

0. 49
.05
. 17

.3. 14

0. 30
.40

0. 15
.05
.22

Na20
K2O

a The total Fe203 includes a small amount of FeO expressed as Fe203.
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prevents the formation of the hexagonal aluminate
(presumably tetracalcium aluminate hydrate) by
the formation of the sulfoaluminate. The first

sulfoaluminate to form is ettringite, apparently,
since of the X-ray patterns of pastes from cement
15754, only that of the youngest observed, a
6-month old specimen, showed ettringite. Taylor
[10], too, studying a normal portland cement,
observed initial formation of ettringite, with
subsequent disappearance. It is interesting to

note tltiat a hexagonal phase ultimately does form,
this however being the low sulfate sulfoaluminate.

The molar A/F ratios in the two cements, 15754
and 15497, in which the monosulfoaluminate does
form are 4.37 and 3.15, respectively.

On the other hand, the low sulfate sulfo-

aluminate does not form in cements 15622 and
15669 in which no significant amount of C3A is

present. The molar A/F ratios in these two ce-

ments are 1.45 and 1.59, respectively, or, when
corrected for the alumina in the silicate phases,

0.81 and 1.34. It would appear from these results

that no significant amount of alumina from the

ferrite phase enters into a sulfoaluminate as long
as enough alumina is available from other sources

to combine with all of the SO3 present to form at

least the high sulfate sulfoaluminate.

Flint and Wells [57] observed that while CsAHg
was susceptible to attack by sulfate, hydro-
garnets containing either iron or silica were quite

resistant. It would appear from these considera-

tions that the molar ratio of nonferrite alumina to

SO3 in a given cement would serve as an indica-

tion as to which sulfoaluminate foinis ultimately.

Thus, the high C3A cements, which contain the
low sulfate sulfoaluminate for tlie most part have
SO3 to nonferrite AI2O3 ratios of 0.7 and 0.6,

respectively, while the low C3A cements, which
contain the high form for the most part have
ratios 1.2 and 3.9.

It is therefore also likely that no sulfoferrites

form in portland cement pastes, at least of cements
within the wide composition range covered by
those whose X-ray data are given in tables 1 and 2,

and whose compositions are given in table 5.

Furthermore, the least squares coefficients dis-

cussed above also indicate that there is no sulfo-

ferrite, in that such a compound, either high form
or low form, could not have a negative calculated

water content, physically absurd. Of course, a
solid solution of sulfoaluminate and sulfoferrite

is possible as far as the least squares considera-

tions go just as in the case of alimiinates and
ferrites.

II. Kinetics of the Hydration of Portland Cement

L. E. Copeland and D. L. Kantro

Introduction

The purpose of this section of the paper is to

review our knowledge of the kinetics of hydration.

Mechanisms of hydration may at times be
mentioned but a discussion of mechanisms is not
a principal objective.

The first kinetic studies of the hydration of

Portland cement were concerned with determining
the strength of concrete and mortars as a function
of time of curing. Useful information can be
obtained from such studies, but their value for

theoretical purposes is limited because the de-

velopment of strength in concrete and mortar is

influenced by many factors other than the rate of

hydration of the cement in the mix. Knowledge
of the rates of hydration of cement is just one
step toward understanding the mechanism of

hydration and the development of strength, but
it is an important one.

Three general methods have been used in

studying the kinetics of hydration of portland
cement: (1) microscopic examination of hardened
neat cement pastes after known curing times, (2)

observations of changes in the physical and chem-
ical properties of hardened pastes as a function of

time, and (3) X-ray diffraction analysis of unhy-
drated cement in hardened pastes.

In general, the microscopic studies can be, and
in some cases have been, interpreted to support
Michaelis' theory of the hardening of portland
cement in that the unhydrated clinker particles

are found embedded in a gel which has no structure

visible in the light microscope. The presence of

all four major phases has been observed in these

particles—^even after 20 yr.

The measurement of several physical and chem-
ical properties of pastes as a function of curing

times has been made. In some cases inferences

concerning the rates of hydration of the individual

components of cement have been drawn from these

measurements. It will become evident that some
of these inferences are not justified.

In recent years new techniques have been devel-

oped. One of these, X-ray diffraction, offers

about otu" best tool for measm-ing directly the

rates of hydration of the individual phases in port-

land cement. At the present time the experi-

mental error is large when compared ^\"ith the

experimental error of standard chemical methods
of analysis, but significant results can be obtained.

Further experience ^vith the method will bring

improved results. Perhaps other new techniques

can also be applied to the problems.
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Direct Microscopic Observations

Most of the microscopic examinations have been
made on poHshed sections, or sometimes upon thin

sections, of hardened pastes. But Anderegg and
Hubbell [58] chose to develop a different technique
for their work. They first passed cement through
an air separator to obtain several fractions of ce-

ment with particles with a narrow size range.

They then prepared pastes of these sized fractions,

Wo/c= 0.4, and cured them in contact with a small
quantity of water. At each of several selected

ages a small fragment was broken from each paste

and dried in an oven to stop the hydration reactions

by removing the water. Each fragment was then
ground until microscopic evidence showed the

material to be subdivided into small and uniformly
sized particles. Specimens for microscopic ex-

aminations were prepared by placing these par-

ticles on a microscope slide in an oil with a
refractive index of 1.67. Thus it was possible for

them to tell whether or not a particle was hy-
drated by its refractive index, for if it is hydrated
its refractive index is lower than that of the oil

and vice versa. They counted thousands of par-

ticles (weighting the count by the size of the
particles) and determined the volume fraction of

hydrated cement from the number of hydrated
particles relative to the total number of particles.

They obtained the weight fraction hydrated by
using the densities of the unhydrated cement and
of the completely hydrated cement.
To check their results they determined the frac-

tion of cement hydrated in samples prepared by
mixing completely hydrated cement with unhy-
drated cement in known proportions. They re-

ported results accurate to about 2.5 percent.

They proceeded then to calculate the depth of

penetration of the water into cement particles.

To do this they assumed that the shape of the
original cement particles was the same as that of

the unhydrated particles remaining in the paste,

and made microscopic measurements to determine
the size and shape of a great many cement par-
ticles. Typical results, given in table 6, were
estimated for a cement with a known particle

size distribution using their results on depth of

penetration of water in sized fractions of clinker

particles. They noted that their Type III cement
appeared to hydrate no more rapidly than did
their Type I cement.

These experiments were repeated [59] using piare

compounds and mixtures of pure compounds.
Pure C2S hydrated much more slowly than did
pure C3S, which hydrated much more slowly than
did pure C3A. The addition of 10 percent C4AF
to either C3S or C2S caused the mixture to hydrate
much more rapidly than either component of the
mixtm-e would hydrate when piu-e.

Brownmiller [60] examined polished sections of
neat cement pastes cured for various times. From
this examination he estimated that about of
the cement remained unhydrated at the end of the
first day. He compared the sizes of the particles

visible in the polished sections with the sizes of
the particles of original cement and estimated that
a 60m particle decreased in size to about 45ai during
the first day, that the depth of penetration was
about At 7 days approximately 80 percent
of the cement had hydrated, and at 28 days about
85 percent. Cements that were high in C3S and
C3A were almost completely hydrated at the end
of 7 days. He concluded that as hydration pro-
ceeds there is a uniform decrease in the size of

the cement particles, and stated, "There is no
microscopic evidence of the channeling of water
into the interior of cement particles to selectively

hydrate any single major constituent."

Table 6. Depth of penetration of water in clinker particles

and the degree of hydration of a typical portland cement

Time Depth of pene- Percent
(days) tration (ji) hydrated

1 10 24
7 47.2 42

28 78.1 51

90 60

However, he did observe that different phases

at the boundary of a particle did not hydrate at

the same rates: e.g., C3S hydrates more rapidly

than C2S, and some interstitial material hydrates

very slowly indeed.

Rexford [61] used thin sections. He pointed

out that accurate rates of hydration from such
microscopic examination were very difficult to

obtain; one needs to examine many fields and
measure accurately with a Wentworth micrometer
stage. He confirmed Brownmiller's conclusions

that hydration proceeded from the boundaries of

cement particles inwards towards the center at a

comparatively uniform overall rate, which affected

all the constituents of that particle more or less

simultaneously. He stated further, "No indica-

tion of completed hydration of any one compound
was ever observed although incipient selectivity

was often visible around the periphery of a cement
particle." His conclusions were based upon the

examination of hardened pastes cured up to 6

months, and upon examination of concrete up to

20 yrs old.

Ward [62] examined thin sections and came to

somewhat different conclusions. He described

two kinds of gel, one of which he called a "ground
mass" gel that was interrupted by unhydrated
clinker grains, calcium hydroxide crystals, and by
small channels, and pores. Small crystalline par-

ticles of low birefringence were scattered through-

out this gel. As the paste aged, a clear gel

appeared to exude from the ground mass or to

precipitate in the voids and channels.

He observed that C2S and C4AF were slow to

hydrate and that many cement grains were

shattered dm-ing the hydration. He identified

the fragments as C2S. He concluded that each
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clinker grain does not hydrate in such a manner
as to develop an individual coating of hydrate
with subsequent uniting of these coatings.

The overall rate of hydration of cement ob-
served in these microscopic studies agrees quali-

tatively with expectations based upon the rate of

strength development. Anderegg and Hubbell
tacitly assumed a mechanism of hydration that

was supported later by the independent observa-
tions of Brownmiller and of Rexford. In answering
a criticism of their paper, Anderegg and Hub-
bell show that they were aware that this assump-
tion was not universally accepted, but argued that

it is true. Actually, it is supported by the theory
of hardening advanced by Michaelis, just as

Brownmiller interprets his results to support

Michaelis' theory.

There is a small difference between the com-
positions of the finely ground part and the coarser

part of a cement, but if hydration proceeds by a

more or less imiform diminution in the size of the

cement grains, then the finer fraction would dis-

appear first—probably during the first day. After

that time the composition of the unhydrated resi-

due should change only slowly if at all.

Ward criticized the above views. He wrote of

an apparent increase in the amount of C2S in the

hardened pastes and suggested that the individual

phases react separately, then at a favorable con-

centration a general precipitation of gel occurs.

But both concepts can be correct. The mechanism
proposed by Ward could account for the initial

setting of cement but by far the greatest amount
of cement could be hydrated as Brownmiller and
Rexford have described it. It is certainly true

that if cement grains were "shattered" by hydra-

tion, this must have occurred before the paste

hardened.
Ward observed shattering of C2S grains in ob-

serving the hydration of the pure compound under

the microscope. He noted that his pure C2S
showed a tendency to dust and suggested that

perhaps the shattering was the result of the

/3—>7 conversion. Is it possible that water could

leach a soluble stabilizing agent out of the C2S
phase in portland cement, causing the same con-

version with shattering of the cement grain?

Kinetics From Changes in Physical and Chemical Properties

Heat of Hydration

Many workers have determined the heat of hydra-
tion of Portland cement as a function of time of curing.

Woods, Steinour, and Starke [63, 64] were able to cor-

relate such heats of hydration with the development
of strength in mortars, and also found a good cor-

relation between the rate of development of

strength and the composition of the cement.
Their primary motive was development of low
heat cement, and therefore it was essential to

their purpose to find a relationship between heat
of hydration and composition of cement. For
this they employed the method of least squares,

assuming that at any given age each percent of

each cement compound makes a fixed contribution
to the heat evolution independent of the proportion
of the compound in the cement. They were suc-

cessful in accomplishing their objective. Other
workers have generally followed their example.
Davis, Carlson, Troxell, and Kelly [65] made
similar studies of heats of hydration, and Verbeck
and Foster [51] published initial results of an ex-

tensive investigation which is continuing. The
latter authors included the effects of gypsum and
both gypsum and glass in their computations.
By comparing the magnitudes of the respective

"contributions" of each of the components to the
heat of hydration, it can be inferred that the rates

of hydration of the major components have the
order C3A, C4AF, C3S, C2S. This order agrees

with that obtained by comparing the rates of hy-
dration of the pure components. The contribu-
tion of each component to the heat of hydration
of completely hydrated cement paste is, within
experimental error, the heat of hydration of the
pure component.

Apparently no one working with heats of hy-

dration has done more than draw qualitative

conclusions concerning rates of hydration of the

individual components from his data. If the

assumption made tacitly in applying the principle

of least squares to heat of hydration data is valid,

the rates of hydration of the individual phases

can be estimated. It will be instructive to con-

sider this assumption.
Consider k cement pastes, each made with a

cement different in composition from all the others.

Let Hi be the heat of hydration of the paste made
from 1 g of the ii\x cement and cured t days. Let

Xij be the weight fraction of component j in the

ith. cement, and Wij{t) be the weight of component

j per gram of cement that has hydrated in t days.

Let hj be the heat of hydration of 1 g of compo-
nent j. The heat of hydration of the paste can

now be written:

(8)

The Wijit) are unlaiown. In the application of

the least squares principle to the k pastes, each

hydrated t days, it is assumed that Hi can be

written

:

(9)

The coefficients aj{t) are called the contributions

of the major components j to the heat of hydra-

tion. Eq (8) can be put into the form of eq (9)

by multiplying and dividing each term on the

right of eq (8) by Xi^, that is,

(10)
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Equations (9) and (10) are consistent if

aj{t)='^hj. (11)

In applying the method of least squares to eq
(9), it must be assumed that the aj(t) are inde-
pendent of the compositions of the cements; con-

sequently, the degree of hydration of compo-

nent j, must be the same in all cement pastes at

the time t. Also, the time derivative of the degree
of hydration, which we shall call the fractional

rate of hydration, must be independent of the
composition of the cement used in making the
paste. A mechanism could be devised to account
for this behavior, but the validity of the assump-
tion must be shown by evidence independent of

heats of hydration.
Heats of hydration have been used in other

ways to obtain information concerning rates of

hydration. Steinherz [66] has recently noted that
Anderegg and Hubbell [58] oversimplified their

calculations on the depth of penetration of water
in cement grains by their assumption concerning
the shape of their particles. He presents a differ-

ent approach based upon the measurement of a
mean volume and weighted mean diameter of the
particles and the assumption that the shape of the
particles corresponds more closely to flattened

cylinders than to spheres. He used the heat of

hydration of the fraction of clinker grains he
studied to estimate the amoimt of cement hy-
drated, and calculated a depth of penetration. He
obtained results similar to those of Anderegg and
Hubbell.
The effect to be expected of assuming that the

components hydrate at equal fractional rates in

cement has been shown by zur Strassen [67]. He
considers two different conditions: (1) the rate of
diffusion of water through the gel layer is so high
that sufficient water is always present in the re-

action zone to bring about conversion, or (2) that
the reaction is impeded by the rate at which water
can diffuse through the gel film being formed. He
assumed that the particle size distribution of the
original cement could be represented by a Rosen-
Rammler size distribution with exponent 1.05.

Using Verbeck and Foster's heats of hydration as
a measure of the amount of cement hydrated, he
calculated the depth of penetration of water into
the cement particles and found that the rate
followed the diffusion law at times up to 28 days
for Type I cement, and times up to 7 days for
Type III cements. Thereafter the rate became
slower.

He also used the data of Schwiete and Kno-
blauch [68] on the heats of hydration of pure C2S
and piu-e C3S and concluded that for C2S the rate
of reaction is constant up to about 80 percent
conversion. For C3S, after a short period when
the rate is linear, the rate follows the diffusion
law. He suggests that in cement the expected
initial retardation of the hydration of (S-CjS is so

little reflected in the — and ratios that the

impression of a fully uniform rate of hydration is

given. {Vm is the weight of water required to

form an adsorbed layer one molecule thick.)

Nonevaporable Water

The nonevaporable water content (or any other
good measure of fixed water) is a measure of the
extent of hydration of cement in pastes, just as

is the heat of hydration. As yet no extensive

analysis concerning kinetics of nonevaporable
water data has been made as has been done for

heats of hydration. Actually there is little need
to do so for it has been shown [51, 69] that there

is a linear relationship between the two quantities.

Least squares calculations based upon the same
model as was used for heats of hydration would
certainly give the same results.

The effect of the original water-cement ratio,

wjc, upon the rate of hydration of cement can be
seen by comparing nonevaporable water contents
of pastes made from the same cement and cured
under the same conditions, except for variations

in Wo/c. Unpublished data from this laboratory
show that Wo/c has little effect upon the rate of

hydration during the first 3 or 4 days. After that,

the smaller is Wg/c, the more rapidly the rate of hy-
dration decreases. This effect is consistent with
the widely accepted view that the rate of hydra-
tion is controlled in some manner by the rate of

diffusion of reacting species through the gel.

Recently Taplin [70] has published similar, but
more complete data, covering Wo/c ratios from
0.157 to 0.80. These data, figure 3, show the

same effects when Wg/c is over 0.5, but in pastes

where Wg/c is low, the rate of hydration for a short

time is higher than in pastes where Wg/c is high.

The slightly greater rate of hydration can probably
be accounted for by the temperature of the pastes.

The temperature of fresh pastes cast in molds and
stored in a constant temperature room will rise

several degrees above room temperature during
the first 24 hr. The smaller the mass of the paste

per gram of cement the greater will be this tem-
perature rise, and the greater will be the effect

upon the rate of hydration.
The effect of availability of water immediately

after hardening is shown graphically in figure 4.

The upper curve shows wJc for a paste with

Wg/c=O.Q cured in contact with water at all times.

The lower curve represents two samples of a

paste made from the same cement with the same
initial Wg/c, but cured under different conditions

[71]. The pastes were placed under a bell jar for

48 hr after mixing. After that time, half of the

paste was transferred to a sealed jar for the

remaining curing time. The other half was
wrapped with filter paper and placed in a covered

tray in contact with a small amount of water.

These two samples continued to hydrate at the

same rate even though the total water content per

gram of cement Wt/c, of the sample in contact with
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Figure 3. Effect of w„/c upon rate of increase of com-
bined water in portland cement pastes.

water increased to 0.64 at 200 days. The total

water content of a sample cured continuously
moist to the same nonevaporable water content,

Wn/c=0.20, should be 0.652 [72]. The non-
evaporable water content of 0.20 was attained in

less than 28 days in the sample cured continuously
moist.

The effect of the lack of an adequate supply of

water during the first 2 days upon the rate of

hydration was so great that the effect of Wg/c was
almost eliminated. Pastes with Wo/c= O.Q hy-
drated only slightly more rapidly than pastes

with m;o/c=0.44. It is important that the fresh

paste has an adequate supply of water continu-

ously if the maximum rate of hydration is to be
maintained. Copeland and Bragg observed very
little effect due to self-desiccation after the first 2

days, but their curing conditions missed the large

effect shown in figure 4.

Specific Surface of Hardened Paste

In their study of the physical properties of

hardened portland cement paste. Powers and
Brownyard [73] observed that the specific surface

of hardened paste was a linear function of the

nonevaporable water content. The data were not
quite precise enough to show that the line

definitely passed through the origin, but if there

is an intercept, it must be small. Further data,

obtained later, confirmed the linear relationship

for pastes made from cement with normal com-
position. In pastes made from cements with
high C2S contents, Vm. did not appear to be
exactly proportional to w„.

Rate of Formation of Calcium Hydroxide

A part of the nonevaporable water of hardened
pastes is in the calcium hydroxide. Pressler,

Brunauer, Kantro, and Weise [18] determined
calcium hydroxide in a number of hardened pastes.

One series of pastes was made from a cement low in

C2S; another series was made from a cement high
in C2S. Pastes in each of these series were cured
for intervals of time ranging from 1 day to several

years. In the series made from the I0W-C2S

I I I I

i 10 100

Time -

Figure 4. Effect of self-desiccation of portland cement
pastes upon rate of hydration of the cement.

A—cured continuously moist, B—self-desiccated.

cement, the calcium hydroxide produced in

hydration was found to be a linear function of the

nonevaporable water content. The relationship

between the calcium hydroxide and nonevaporable

water formed by hydrating the high-C2S cement
was decidedly curvilinear.

Discussion of Rates of Change of Physical
Properties

Powers and Brownyard [73] pointed out that if

Vm is proportional to Wn, then the ratio of colloidal

to noncoUoidal products should be the same at all

stages of hydration. To simplify the handling of

their data, they assumed that VJw„ was constant.

The linear relationship [51] between the heat of

hydration and nonevaporable water, and also Vm,
seemed to confirm the idea that the same kinds of

hydration products were being formed at all

stages of hydration. One of the authors (Cope-

land) pointed out that these linear relationships

would be observed if the components in cement
hydrated at the same fractional rates. It was
recognized that this assumption could not be true

during the initial stages of the reaction, but it

might be true after the first 24 hr.

Brunauer [74], after a careful examination of

heat of hydration data, observed that the heat of

hydration of cements high in C2S was not a linear

function of the nonevaporable water. It was

pointed out above that Vjwn is probably not

constant in pastes made from these same cements,

so if the assumption is true at all, it is limited to

cements comparatively low in C2S.

The assumption of equal fractional rates of

hydration of the components in cement is different

from the assumption made in applying the prin-

ciple of least squares to heat of hydration data.

In the latter case it is assumed that the fractional

rate of hydration of each component is independ-

ent of the composition of the cement. The results

of the least squares calculation show that the

fractional rates of hydration are not equal to each

other, so one or both of these assumptions is

incorrect.
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The heat of hydration studies exemplify the
difficulty of inferring rates of hydration from the
rate of change in physical and chemical proper-
ties. Different assumptions have been made and
rates calculated from the same data: (a) The in-

terpretation of least squares coefficients as the con-
tribution to the heat of hydration by that com-
ponent requires that the fraction of a component
hydrated in a given interval of time be always the
same and independent of the composition of the
cements and accordingly the composition of the
gel. This assumption seems to require that all

cements become completely hydrated in the same
period of time—that time required by the compo-
nent with the lowest fractional rate of hydration.

(b) The assumption of a uniform depth of penetra-
tion of water in cement grains can also fit the data
as has been shown by Steinherz [66] and by zur
Strassen [67]. The concept of a uniform depth of

penetration is consistent with the assumption that

the components hydrate at equal fractional rates.

It is not supported in detail by direct microscopic

examination, for as pointed out above [60, 61], C2S
and some interstitial material hydrate more slowly

than C3S and C3A. But it is just this effect of

the slower hydrating components covering C3S and
C3A regions and preventing water from getting to

them that could account for equal fractional rates

of hydration for all components.

X-Ray Diffraction Analysis
The rates of change in physical and chemical

properties of portland cement pastes depend upon
the rates of hydration of the components in ce-

ment, but the dependence is complex. The rates

deduced from observing changes in properties

depend upon the assumptions that are made in

interpreting the data. The desire to find a method
of measuring the rates directly prompted us to

make our first attempts at X-ray analysis.

The first published attempt to use X-ray anal-
ysis to estimate rates of hydration directly is that
of H. F. W. Taylor [10]. He prepared pastes of

Portland cement and hydrated them for periods of

time up to 300 days. An attempt to separate the
hydration products from the unhydrated cement
with a dense liquid was not completely successful.

Nevertheless, he examined Debye-Scherrer pat-
terns of the fractions and concluded that C3S
hydrates much more rapidly in cement pastes than
does C2S, as is shown by his estimates of the weight
fraction of C3S in the silicates in table 7. He esti-

mated that after 14 days curing, at least 50 per-
cent of the cement had hydrated. The ignition

loss indicated 61 percent hydration.
Table 7. Weight fraction of CzS in silicates of the unhy-

drated residue of cement in pastes

Days 0 1 4 7 14 44 300

C3S+/S-C2S

60 50 30 25 20 <10 <5

At the same time attempts were being made in
this laboratory to use X-rays to analyze portland
cement pastes; but only recently has acceptable
precision in cement analysis been attained [21].

The method has been applied [75] to the analysis
of two series of pastes made from different ce-
ments, the first, a cement of average composition,
15754, the second a cement low in C2S and C3A,
15669.

The same method of analysis was used for ana-
lyzing these pastes as is used for analyzing cements
with one exception: the 511 fine for silicon (the
internal standard) was used instead of the 111 line
used in analyzing the cements. The advantage of
using this line at smaller spacing in pastes is two-
fold: (1) there are no interfering lines from either

the cement or the hydration products for this line,

whereas the 111 line is affected to some extent by
the broad 3.06 A line from the tobermorite and
the adjacent 100 line from Ca(0H)2; (2) after the
pastes have hydrated a few days, the weaker 511

line matches better the strengths of the lines from
the cement components. The intensity of this

line relative to the 111 line of silicon is given as

0.17 by Swanson and Fuyat [25] and found by us

to be 0.171 ±0.002 for our sample of silicon.

The cement pastes were prepared with Wolc=
0.4 and cured for intervals of time ranging from 2

hr to 6 months. The analyses of the four major
phases unhydrated in each paste is given in table

8. The values reported are referred to the original

weight of cement in the paste. Nonevaporable
water contents are also given.

The degree of hydration of each component in

the two series of pastes are compared in figure 5.

Time is plotted on a log scale for convenience.

Equal fractional rates of hydration for the com-
ponents of a cement will be shown by coincidence

of these curves. A cursory examination of the
figures shows that the components of cement do
not hydrate at the same fractional rate in either

cement.
The degree of hydration of alite is plotted in

figure 5(a). The aUte in the normal portland

cement does not hydrate at the same fractional

rate as that in cement 15669, although probably
this condition is realized within experimental
error after about 28 days.

The degree of hydration of alite in cement
15669 increases more rapidly than in cement
15754, but the actual rate of hydration of alite in

cement 15754 is more rapid than in cement 15669,

as is shown in figure 6(a).

The results for belite are plotted in figures 5(b)

and 6(b). The degree of hydration of belite at

any time in cement 15754 is greater than in cement
15669, but again the actual rate of hydration is

higher in the cement containing the more belite.

The relatively large error in determining the

amount of belite in the pastes made from cement
15669 makes the conclusion that the fractional

rates are not equal somewhat less cert,ain than for

the case of alite.
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Table 8. Composition of unhydrated residue in portland cement pastes (g component/g cement)

Type I cement Type IV cement

Time hydrated Alite Belite CaA Alite Belite C3A F,. in
0. —

.

.531

.538

.416

.308

. 222

.179

.150

.119

.079

.059

.023

.008

.259

.248

.242

.226

. 196

.198

.170

.152

.118

.136

.034

.020

.069

.054

.060

.025

. 021

.016

.012

.013

.008

.001

.001

.000

.097

.064

.082

.082

. 053

.052

.044

.038

.024

.021

.010

.010

.262

.253

. 194

.105

. 063

. 0.52

. 054

.041

.031

. 025

.006

.004

.627

.605

.553

.618

. 515

.600

.536

.477

. 518

.282

. 220

. 185

.010

.009

.007

. 003

. 004

.005

.007

. 009

.001

.000

.000

. 000

. 058

.068

.084

.060

.051

.051

. 053

. 0.52

. 056

.036

.024

.004

2hr.
6hr
1 day
2 days
3 days
4 days
7 days
14 days
28 days
3 months
6 months

.0108

. 0258

.0881

. 1145

. 1204

. 1276

.1438

.1614

.1748

.1890
. 1947

.0000

.0118

.0426

. 0,570

. 0019

.0074

.0763

.0818

.1048

. 1305

.1394

Figure 5a. Degree of hydration of alite in the two series of Figure 5c. Degree of hydration of tricalcium aluminate in
pastes. the two series of pastes.

Time - days Time - doys

Figure 5b. Degree of hydration of belite in the two series Figure 5d. Degree of hydration of ferrite solid solution

of pastes. phase in the two series of pastes.
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The degrees of hydration of C3A in the two
cements are the same within experimental error,

figure 5(c). There is only 1 percent C3A in cement
15669, and this small quantity is diiiicult to de-
termine precisely. The C3A results for cement
15754 present a consistent trend, and most of the
C3A results on cement 15669 agree with the same
trend. The screening of C3A from water may be
responsible for the fact that its absolute rate of

Figure 6a. Rates of hydration of alite in Type I and IV
cements.

0.1 r~~i 1 1

1—I—I
1 1 r

I 2 3 4 7 14 28 90 180
Time - doys

Role of Di soppearance of Belite

Figure 6b. Rates of hydration of belite in Type I and IV
cements.

hydration, figure 6(c), is so much lower than the
rate of hydration of C3S.

The greatest difference in the fractional rate of

hydration of a component in these two cements is

shown by the ferrite solid solution phases, figure

5(d). Perhaps a difference in the composition of

the phase is partially responsible, although there

is, as yet, no way of knowing how the composition
of the ferrite phase affects its rate of hydration in

cement. The A/F ratio of the Fgg phase in cement
15754 is 1.44. That in cement 15669 is 1.22. It

was observed that the strongest ferrite line di-^'

not shift in position as hydration progressed; con-
sequently, the composition of the unhydrated res-

idue is the same as that of the original component.
The absolute rate of hydration of the ferrite solid

solution phase, as well as its fractional rate, is

lower than that of any other component.
The X-ray analyses are certainly not as precise

as one would like, and probably not as precise as

will be obtained in subsequent studies. They are

precise enough to show without question that the

major phases in portland cement do not hydrate
at equal fractional rates; but in the discussion to

follow it will be seen that the observed rates of

hydration are consistent with the empirical re-

lations that formed the basis for the assumption
of equal fractional rates of hydration for all the

components.
One of these empirical relations was the pro-

portionality between and w„, and another the

proportionality between the heat of hydration and
w„. Powers and Brownyard [73] recognized that

Vm might not be strictly proportional to w„, but
assumed proportionality to simplify the treatment
of their data. The best straight line through the

data does not pass through the origin, but has a

small positive intercept on the w„ axis. This

0.1

.0001

:

1 1 12 3 4 7 14 28 90
" Time - days

Rate of Disappearonce of C3A and Fg^Phases

Figure 6c. Rates of hydration of tricalcium aluminate
and calcium aluminoferrite solid solution in Type I

cement.



relationship is discussed in detail in another paper
in this symposium.

Calculations were made to compare the X-ray
results with the data of Verbeck and Foster [51].

To do this, the least squares coefficients for the

heat of hydration of cement at 6}^ years were
used with amounts of each component that had
hydrated in each paste as determined from the

X-ray analysis. Similarly, the nonevaporable
water and the amount of water adsorbed at 36
percent relative humidity in pastes dried over
Mg(C104)2-2H20 were calculated from the re-

spective least squares coefficients for fully hydrated
pastes and the X-ray analyses. The data are

plotted in figure 7. The two lines are the lines

drawn by Verbeck and Foster in their figures 6-7.

The calculated heats of hydration agree very well

with the heat of hydration line for Type I cement.
The calculated adsorptions are slightly below the
line drawn by Verbeck and Foster, but well within
the range for Type I and Type III cements as

determined by them.
There is no equation relating Vm of a paste to

the composition of the cement used in maldng the
paste. Instead of calculating Vm, the water ad-

sorbed at 36 percent relative humidity was calcu-

lated and is plotted as a function of the non-
evaporable water for pastes dried at the vapor
pressure of water at —78 °C in figure 8. The
data fall on a line with a slight curvature, but if

the observed values of w„ had been used, the
scatter would have been great enough to obliterate

the curvature. A straight line through the origin

gives a pretty good fit to the points. The slope

of the straight line has the value 0.42. This is a
reasonable value since for this cement Vm/'Wn=
0.31. The best straight line through the data
would not pass through the origin, but' would give
a small positive intercept on the wjc axis, as is

observed experimentally.
The rates of hydration give satisfactory agree-

ment with the empirical relationships between
properties of hardened pastes. Since the major
phases hydrate at fractional rates different from
each other, one may question the significance of

the expression "degree of hydration" as applied to

cement and the meaning of terms such as "ma-
turity factor" for pastes, mortars, or concrete.
These concepts are important practically, even
though they may not be precisely defined
theoretically.

The ratio of the heat of hydration of a cement
paste to the heat of hydration of a fully hydrated
paste from that cement has been used as a measure
of the "degree of hydration" of the cement in

the paste. The ratio of the nonevaporable water
to the maximum nonevaporable water has been
used for the same purpose in our laboratories.

The "degree of hydration" of the cement in

each of the pastes used in this investigation was
calculated by adding together the amounts that
had hydrated of the four major phases and
dividing by the original cement content of the
paste. In figure 9, the values are plotted as a

622829 O-62-30

function of the ratio of the observed wJc divided

Dy the maximum v)„/c for the cement. The func-

tion is not quite linear, but the ratios give a fairly

.25

Heot of Hydration (col/gm)

Figure 7. Relationship between heat of hydration, non-
evaporable water, and water sorption at 36 percent relative

humidity.

I 0

Non - evoporoble Woler ConlenI (—?-),

Figure 8. Relationship between ^^^ water sorption

at 36 percent relative humidity.

Wn_

Non - evaporable Water Content

Figure 9. Relationship between the degree of hydration of

cement and (—) in hardened pastes.
\ C /l/2
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reliable estimate of the degree of hydration, par-

ticularly when the cement is over 50 percent
hydrated.
Because of near linearity between w„ and the

heat of hydration, and also w„ and the surface

area, any of these may be used as estimates of the
degree of hydration of cement.

Analysis of pastes with X-ray diffraction

promises to be a most useful tool for investigating

rates of hydration of the individual constituents

of cement. The preliminary work shows that
the fractional rates of hydration of the four major
compounds are not equal to each other. Further,

the fractional rate of hydration of any chosen
component, except possibly C3A, is not the same,
for all cements, but does depend upon the com-
position of the cement. The reliability of the
X-ray analysis has been shown by calculating the
heat of hydration, nonevaporable water, and the
amount of water adsorbed at 36 percent relative

humidity. The relationships between these calcu-

lated quantities were the same as has been
observed from measurements of these properties

on hardened pastes. Although these relationships

are probably not exactly linear, they are suffi-

ciently close to being linear that any of them
may be used to estimate the "degree of hydration"
of the cement in a paste.

Effect of Temperature

The study of the effect of temperature upon the
rate of hydration of cement has been limited, for

the most part, to the study of the effect of tempera-
ture upon either the heat of hydration or the
development of strength in concrete. As a result

of these studies, several functions have been pro-
posed with which one may estimate the maturity
of concrete after curing under prescribed condi-
tions of time and temperature.

Saul [76] defined the maturity of concrete "as
its age multiplied by the average temperature
above freezing it has maintained," and concluded
that concretes of the same mix will have ap-
proximately the same strength at the same
maturity, whatever combination of time and
temperature produce that maturity. Bergstrom
[77] concluded that the base temperature should
be —10 °C instead of the freezing point. Thus
the maturity should be calculated from the
temperature, 6, and the time, t, by the equation

M=j\9-{-10)dt (12)

Plowman [78] found that concrete hydrated
slowly at —10 °C, but that hydration ceased at
— 11.7 °C, and recommended this latter temper-
ature as the base temperature.
Rastrup [79, 80, 81] examined heat of hydration

data and assumed that the hydration of cement
proceeded very much as most chemical reactions
proceed. He concluded that the heat of hydra-
tion of a variable temperature process could be
compared with the heat of hydration determined

at a predetermined constant temperature, 6a, by
use of the time-temperature function

ra=£ 2^~^\t (13)

The Saul-Bergstrom function corresponding to

Rastrup's use of a time-temperature function is

Nykanen [82, 83] performed an extensive series

of tests to determine a time-temperature function.

He observed that a sharp decrease in the rate of

hydration of concrete occurred as the temperature
dropped below 0 °C, and that the composition

of the cement affected the time-temperature
function. He modified Bergstrom's function to

M='Lk{e-ei)M (15)

where is the base temperature at which hydra-

tion ceases, and t is a factor the value of which
depends upon the temperature of the concrete

and the composition of the cement.
For temperatures above 0 °C, ^=1 ; for temper-

atures below 0 °C, ^=0.2 to 0.4, depending upon
the composition of the cement. The base temper-
ature, di, ranged between —10 and —15 °C,

depending upon the composition of the cement.

These time-temperature functions serve for

approximate calculations and are probably good
enough for practical purposes. Mcintosh [84]

points out some of the shortcomings of these

functions; when they are applied to concrete cured

continuously at low temperatures, an estimate

based on maturity calculated from — 10 °C leads to

an overestimate at low maturities and an under-

estimate at high maturities. The error at low
maturities can be partly alleviated by calculating

maturity from the time the concrete starts to gain

strength instead of from the time of mixing. But
the time-temperature functions cannot account

for the fact that concrete cured initially at low
temperature and later at normal temperature can

develop a higher compressive strength than con-

crete cured continuously at a normal temperature.

Bernhardt [85] shows that the maximum strength

developed in a concrete is not independent of its

temperature during curing.

Danielsson [86] points out that if a time-tem-

perature function exists, the composition and
morphology of the hydration products of cement
must be independent of the temperature at which
they were formed, but depend only upon the state

of hydration or, what amounts to the same thing,

upon the value of the heat of hydration, H. The
value of dHjdt would depend upon 6 and H alone,

and would not depend upon the temperature-time
path by which H was reached. Also, values of

dHjdt for two different temperatures would have a

fixed ratio for the same H. He found, experi-

mentally, that at low H this last condition was
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approximately true, but that at high H the
condition did not hold. Consequently, a time-
temperature function should not be more than an
approximation. He also found that dH/dt was not
independent of the time-temperature path by

which H was reached. This indicates that the
composition and properties of the hydration prod-
ucts depend upon the tcunpcrature of the hydra-
tion process as do the findings of Mcintosh and
Bernhardt mentioned above.

III. Energetics of the Hydration of Portland Cement

George Verbeck

Introduction

Numerous studies have been made of the heat
evolved when cement reacts with water and
various methods of measurement of heat liberation

have been used, depending upon the purpose of

each investigation.

Where the primary interest is in temperature
rise of concrete for use in massive structures,

large adiabatic calorimeters have been used,

thereby obtaining directly the information desired

without assumptions as to the heat capacity of

the paste and aggregate components of the con-
crete or the effect of temperature history of the
concrete on the heat actually evolved. However,
most studies of the energetics of cement hydration
have involved measurements directly on cement
paste.

For the study of the early stages of hydration,
conduction calorimeters can be used most advan-
tageously. Such devices permit the continuous
and accurate recording of the rate of heat liberation

from an age of about hr to perhaps 3 da3^s of

hydration ; this technique is usually supplemented
by a simple "bottle" calorimeter for measurements

prior to ji hr. The magnitude, number, and times
of appearance of the heat liberation "peaks" that
are observed dm-ing this early period assist in

the understanding of the various chemical reac-
tions taking place and of the influence of various
factors, such as hydration temperature, gypsum
content, and accelerators and retarders on the
properties of pastes and concrete at both early
and later ages.

After the first few days of hydration, the rate

of heat liberation becomes very low and direct

measurement of heat evolution is difficult. The
heat of solution method developed by Woods,
Steinour, and Starke [63] is most useful for heat

of hydration measurements for hydration periods

from about 3 days to any desired age.

It is not the present purpose of this paper to

consider studies of the heat evolution during the

initial reactions. The discussion to follow will

concern the various aspects of cement lij^dration

as revealed by the heat of solution technique for

hydration periods from 3 days to 13 yr.

Heat of Hydration at Ages of 3 Days to 13 Years

The data previously published by Verbeck and
Foster [51] have been substantially augmented in

a continuing study of the heat of hydration
characteristics of cements. Data are now available

for the heat of hydration characteristics of 27
plant-produced portland cements corresponding
to ASTM Types I, II, III, IV, and V cements
for hydration periods up to 13 yrs and at 0.40

0.60, and 0.80 water-cement ratios by weight.
For the immediate purpose only the average
results obtained for each of the different ASTM
types of Portland cement will be considered.
Data on the average heats of hydration of the

different types of cement for ages from 3 days to

13 yr are presented in table 9 and figure 10. The
cement pastes used in these tests were prepared
at an initial water-cement ratio of 0.40 by weight
and were hydrated in sealed vials until tested.

In general, only small increments of heat were
evolved between the Q}i and 13 year test ages.

For the Type III cements very little, if any, heat
was evolved during this period, the —0.1 cal/g

observed being well within expected experimental
error.

Table 9. Average heats of hydration of the different ASTM
types of cements

0.40 water-cement ratio; cured at 21° C.

ASTM
cement
type

No. of

cements
averaged

Heat of hydration at ag(! indicated, cal/g

3

days
7

days
28

days
3 mo. lyr 6H yr 13 yr

I 8 60.9 79.2 95.6 103.8 108.6 116.8 118.2

II_ 5 46.9 60.9 79.6 88.1 95.4 98.4 100.7m 3 75.9 90.6 101.6 106.8 114.2 120.6 120.5

IV- 4 40.9 50.1 65.6 74.4 80.6 85.3 87.3

It should be noted that the average heat of

hydration characteristics of the different ASTM
types of cement are in keeping with the pm-poses
for which each was designed. At early ages, the

average heat of hydration of the Type III cements
(high early strength) were significantly greater

than the Type I cements (normal) althougli at

13 yr the heats of hydration are comparable.

At all ages through 13 yv, the average heat of

hydration of the Type IV cements (low heat) is

significantly below the average of the Type II
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cements (moderate heat) which in turn evolves

less heat at all ages than the Type I (normal)

cements.
It should be emphasized that the particular

plant-produced cements in this study were spe-

cifically selected to include cements possessing a

wide range of characteristics within each AvSTM
type classification. The individual cements with-

in each of the different ASTM types therefore show
differences in heat evolution characteristics. The
data shown in figure If represent the maximum,
minimum, and average heats of hydration of the

different ASTM types of cement at the various
ages. These results show that each cement type
has a reasonably separate and distinct range in

heat of hydration at the various ages and that,

in general, only moderate overlapping occurs
between the various types The greatest range
among the cements of any type occurs among the

Type I cements, presumably in part because of

the greater number of cements included in this

classification and in part because the specifications

for Type I cement (normal or general purpose
Portland cement) are purposefully less restrictive

than for the other types of cements designed for

more specific purposes.
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Figure 10. Average heats of hydration of different ASTM
types of cement at various ages.
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Figure 11. Comparison of ranges in heats of hydration of the different ASTM types

of cement.

(0.40 water-cement ratio; cured at 21 °C.)

Effect of Water-Cement Ratio

The hydration of cement is accompanied by an
increase in the volume of solids within the hy-
drating paste, the volume of the hydration product
being greater than the volume of cement from
which it was produced. The hydration product
steadily increases in volume and fills the capillary
void space within the paste, the initial volume of
which is estabhshed by the original water-cement
ratio of the paste. If the capillary void space
originally present is small (low water-cement

ratio) this space can become completely filled

with hydration products and hydration will cease
even though a substantial fraction of the cement
remains unhydrated.
Some published information on the influence of

water-cement ratio on heat evolution is available
in the data of Carlson and Forbrich [87]. These
data were limited to a single cement for ages
ranging from 3 days to only 28 days. Their
data indicate that the original water-cement ratio
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has a great influence on the heat of hydration of
the cement as shown in table 10. An increase in

water-cement ratio from 0.30 to 0.50 increased
the heat of hydration by 14 percent at 3 days and
23 percent at 28 days.

The efl^ect of water-cement ratio on heat of
hydration might be expected to vary among ce-

ments having different hydration characteristics
and compositions and in addition to become most
pronounced at the later ages when the hydration
of cement is more nearly complete. Because of
the reported magnitude of the influence of water-
cement ratio on heat of hydration and the prac-
tical and theoretical significance of such effects,

the heat of hydration studies at 0.40 water-cement
ratio presented in table 9 were extended to include
measurements of pastes having water-cement
ratios of 0.60 and 0.80 by weight.

In order to prepare hardened paste specimens
having these high water-cement ratios it was
necessary to prevent the segregation (bleeding) of

water from the pastes while still plastic by slowly
rotating the sealed vials containing the paste until

setting occurred. To determine whether rotation
of the fresh paste altered hydration of the cement
as suggested by Carlson and Forbrich, redeter-
minations were made of the heat evolutions of five

different cements at 0.40 water-cement ratio using
this rotation technique for comparison with the
previously obtained "static" results.

Such comparisons have since been made for

hydration periods from 3 days" to yr- The
initially rotated vials were hydrated at 23 °C as

compared to 21 °C for the earlier static vial tests.

The average difference between results obtained
by these two methods was ±2.8 cal/g when
comparing each cement at each age and averaged
— 0.2 cal/g for all cements at all test ages. This is

considered to be a satisfactory agreement. The
rotated vial tests were initiated several years after

the static vial tests. Because of this lapse of time,
the five cements were resampled and their heats
of solution and ignition losses redetermined when
the rotated vial tests were begun. The average
deviations of the heats of solution and ignition

losses of the cements were ±2.1 cal/g and ±0.06
percent respectively. Thus it may be concluded

Table 10. Effect of water-cernenl ratio on heal of hydration

Carlson and Forbrich (87)

Water-
cement
ratio.

Heat of hydration at age indicated
cal/g

wt.
3 days 7 days 28 days

0.30 45.7 68.3 74.3
.40 49.2 61.8 82.9
.50 62.3 69.8 91.4

that rotation of the specimen vials and hydration
at the slightly elevated temperature did not sig-

nificantly affect the heat evolutions of the cements.
The differences that were observed in heats of
hydration can be considered to be due to experi-
mental errors and to differences in the heats of
solution of the imhydrated cements caused by
differences in the ignition losses of the two samples
of each cement used.

Comparisons will now be made of the effect of

water-cement ratio on the heat of hydration of

cements representing different ASTM types at ages
up to 6)2 JT- Such data are shown in table 11.

It is readily apparent from the data that heat
evolution is significantly influenced by water-
cement ratio. During the early stages of hydra-
tion, an increase in water-cement ratio from 0.4

to 0.8 had only a slight effect on hydration and
heat liberation of the Type IV cements, but pro-
duced a significant effect, an increase of 14 percent,
in the heat of hydration of the Type III cements at

3 days. The greatest differences in heat of hydra-
tion occur at intermediate hydration ages, the
exact age for the maximum difference depending
upon the type of cement and occurring at earher
ages for the more rapidly hydrating cements. The
increase in heat of hydration resulting from an
increase in water-cement ratio from 0.4 to 0.8

was a maximum of 19.5 cal/g for the Type III

cements at 90 days, and was a maximum of 14.2

cal/g for the Type IV cements at 1 yx, a very
substantial effect which should be considered
when evaluating cements for mass concrete.

These increases in heat evolution exceeded the
heat yet to be evolved from those ages to the 13-yi'

test age for the 0.4 water-cement ratio pastes.

Table 11. Effect of water-cement ratio on average heats of hydration of different ASTM types of cements cured at 21 °C

ASTM
cement
type

No. of

cements
averaged

Water-
cement
ratio

Heat of hydration at age indicated, cal/g

3 days 7 days 28 days 90 days 1 yr. 6H yr. 13 yr.

I 8 0.40 60.9 79.2 95.6 103.8 108.6 116.8 118.2

.60 65.8 87.7 107.1 114.7 120. 0 123.

1

.80 66.3 89.4 111.6 119.5 122. 2 125.0
II 6 .40 46.9 60.9 79.6 88.1 95.4 98.4 100.7

.60 49.6 61.3 83. 5 94.8 102.1 104.6

.80 49.3 64.3 84.7 99.2 106.8 106.1

III 3 .40 75.9 90.6 101.6 106.8 114.2 120.6 120."6

.60 86.1 103.6 119.9 124.4 127.3 127.2

.80 86.7 105.0 121.0 126.3 130.0 130.6
IV 4 .40 40.9 50.1 65.6 74.4 80.6 85.3 87."3

.60 43.2 53. 5 66.6 78.7 90.4 92.5

.80 41.7 52.8 69.8 82.5 94.8 96,4
All 20 .40 65. 65 70. 52 86. 50 94, 44 100. 54 106. 47 loi'gs

.60 60.28 76. 64 95.02 103.98 110. 70 112.97

.80 60. 19 78.14 97.92 108. 20 114.04 115. 40
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Although at the 6}^-yT test age the average
heat of hydration of all cements at 0.8 water-
cement ratio was 8 percent greater than at 0.4

water-cement ratio, it should be noted that the

rate at which heat was evolved at the later ages
was greatest for the low waterrcement ratio pastes

;

between the 1- and Q%-jr test ages, the 0.4

water-cemenc ratio pastes on the average liberated

5.9 cal/g while the 0.8 water-cement ratio pastes

liberated only 1.4 cal/g. These differences indicate

that the major effect of water-cement ratio in the

range of 0.4 to 0.8, is not primarily to limit the

maximum degree of hydration and hence heat
liberation, but rather to influence the rate of

hydration.

Interesting comparisons of the effect of the

different water-cement ratios on the corresponding
rates of hydration can be made if it is assumed:

(1) that the heat of hydration observed at 6/2 yr
for the 0.8 water-cement ratio paste represents

complete hydration of the cement, a very reason-

able assumption and, (2) that the rate or degree of

hydration of the 0.8 water-cement ratio pastes at

the various ages represents hydration of cement
as unimpeded by surrounding reaction products
as can be expected at rational water-cement ratios.

With these assumptions, at each of the test ages
and water-cement ratios, the amount of unhy-
drated cement present can be estimated from the

difference between the heat of complete hydration
and the heat of hydration at each test age. The
fraction of this unhydrated cement which was
actually hydrated during the subsequent test

interval can be calculated from the increment of

heat evolved during the subsequent test interval.

Such fractions when compared to the fraction of

hydration for the 0.8 water-cement ratio paste for

the corresponding age increment yield the relative

rate of hydration during the various test age
intervals of the 0.4 and 0.6 water-ce.ment ratio

pastes compared to the assumed ideal at 0.8

water-cement ratio.
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o
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Hydration Intervol

Figure 12. Average effect of water-cement ratio on rate of
hydration at various ages.

Such comparisons for the average of all 20
cements are made in figure 12 for the various test

periods. For presentation an arbitrary time scale

has been used and the essentially linear nature of

the relationships that appears with the use of this

scale is not significant. The influence of a calori-

metric error of ±1.0 cal/g in heat of hydration on
the comparisons at the various ages is shown and
emphasizes the sensitivity of the calculated rela-

tive hydration rate, particularly at the later ages.

It is apparent that the water-cement ratio sig-

nificantly affects the inherent rate of hydration of

the cements. The 0.6 water-cement ratio pastes

hydrated more slowly than the 0.8 water-cement
ratio pastes and this retardation became more pro-

nounced at the later test ages. During the 1- to

6)^-yr test interval to 0.6 water-cement ratio

pastes hydrated only 50 to 60 percent as fast as

the 0.8 water-cement ratio pastes. The 0.4 water-

cement ratio pastes were retarded at all ages to

an even greater extent and during the Qji- to 13-yr

test interval, hydrated only about 25 percent of

the remaining unhydrated cement, whereas in the

0.8 water-cement ratio pastes any unhydrated ce-

ment would have been completely hydrated.
The influence of water-cement ratio on rate of

hydration appears readily interpretable. The hy-
dration of cement requires the diffusion of water
through the hydration products to the surface of

the unhydrated cement and the diffusion of

reacted material away from the reaction site. The
hydration product which is laid down in the liquid

surrounding the unhydrated cement serves to re-

tard the diffusion of these materials and hence
retard the hydration of the cement. At a par-

ticular water-cement ratio the ratardation of hy-
dration should increase as hydration proceeds due
to the increasing amounts (concentrations) of hy-

dration product present. Such effects can be seen

in figure 12. As the original water-cement ratio

of the paste is reduced, the concentration of hydra-
tion product is increased; this increased concentra-

tion further retards the hydration of the cement.

The effects of progressive hydration and of

water-cement ratio can be combined to express

this concept of retardation due to increasing con-

centrations of hydration product in a manner
similar to the "gel-space" ratio used by Powers
[88]. The relative rates of hydration of cement at

0.4 and 0.6 water-cement ratio previously shown
in figure 12 at the various test intervals are com-
pared in figure 13 with their corresponding average

gel-space ratios. It can be seen that this concept
approximately expresses the retarding effects ob-

served. A second approximation to the relation-

ship could be made by a correction for the mod-
erate retardation that must have occurred at the

later stages of hydration of the 0.8 water-cement
ratio pastes for which a maximum gel-space ratio

of 0.59 is calculated.

It should be kept in mind that although the

gel-space ratio may approximately express the

concentration of hydration gel for any particular

cement or average of cements, it would not be ex-
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pected to quantitatively express the gel concentra-

tions when comparing different cements since the

amount of gel produced per unit of heat evolved

depends to some degree on the composition of the

cement. Additional empirical correlations be-

tween the relative hydration rates and other fun-

damental parameters of the hydrated paste can
also be obtained.

T 1 1 \ r

Gel - Space Ratio

Figure 13. Average effect of gel-space ratio on rale of
hydration of pastes of different water-cement ratios and

ages from 3 days to 13 yr.

Effect of Temperature

The information available on the influence of

temperature on degree and rate of hydration is not
as extensive as desired, particularly as regards the

higher water-cement ratios for extended hydration
periods. However, the available data very satis-

factorily reveal the effect of a wide range of tem-
peratures on hydration rate of pastes of 0.4 water-

cement ratio.

Heat of hydration data obtained by Carlson and
Forbrich [87] using a "standard" cement at 0.4

water-cement ratio cured at temperatures of 4.4,

23.3, and 40 °C for ages from 3 to 90 days are

shown in figure 14. The large increase in heat evo-
lution during the early stages of hydration pro-
duced by increase in temperature is evident. It

would appear from these data, for pastes of 0.4

water-cement ratio, that the temperature affects

only the rate of hydration, the results obtained at

the 28 and 90 day test periods suggesting equal
ultimate heats of hydration at some later age.

It is interesting to quantitatively compare the
early rates of hydration at the different tempera-
tures; these rates may be taken as relative to the
heat of hydration at one dffy and estimated from
the curves in figure 14. For most chemical reac-

tions the dependence of the kinetic reaction rate,

K, upon reaction temperature T°k, is expressed
E

by the Arrhenius equation, h\K——^^+const.,
til

in which represents the "activation energy" and
R is the gas constant. As may be noted in figure

14, the observed relationship between log K and
l/T is essentially linear and hence the relative

reaction rates observed at the different tempera-
tures are related in the maimer required by the
Arrhenius equation.

Additional information of a somewhat different

nature is available from the studies in this labora-
tory [52] over the temperature range of 4.4 to

Figure 14. Effect of temperature on hydration of cement

Data from Carlson and Forbrich [87].

110 °C. Two different cements, ASTM Type T

and Type IV, were hydrated at the preselected

temperatures for the lengths of time required to

produce approximately the same degree of hydra-
tion in the pastes of each cement, as estimated
from heat of hydration and nonevaporable water
measurements. The relative rates of h^'dration

at the different temperatures are inversel}' related

to the time required at each temperature to reach

the equivalent degree of hydration. Such data are

shown in table 12. Although the degrees of hydra-
tion attained for the various tests of each cement
are not identical, they are believed to be suffi-

ciently alike to permit the direct calculation of rate

of hydration as shown in the table. Evaluation
of these results on the basis of the Arrhenius equa-

tion is shown in figure 15. It may be observed
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that an acceptably linear relationship is obtained
for each cement over this wide temperature range.

The relationship for the Carlson and Forbrich data
shown in figure 14 is reproduced in figure 15. It

is important to note that all three of the linear

relationships obtained are essentially parallel,

indicating that these cements do have the same
"activation energy" although they have a ver^^

wide range in calculated potential compositions
and inherent rates of heat liberation.

Table 12. Effect of temperature, on rate of hydration, of
cement.

0.40 water-cement ratio.

ASTM Hydra- Hydration Heat of Hydra- Log 10 1

cement tion period, hydration tion rate hydra- T°K
type temp. °C days cal/g cal/g/day tion rate

I no. 0 1 92. 35 92. 35 1.965 0. 00261
71. 0 2 98. 02 49. 01 1.690 . 00290
43. 4 3 93. 05 31.02 1.492 . 00316
21.0 9 96. 43 10, 71 1.030 . 00340
4.4 11 83. 22 7. 57 0. 879 . 00360

IV 110.0 1 56. 61 56. 51 1.752 0. 00261
71. 0 2 56. 49 28.24 1.451 . 00290
43.4 3 49.44 16. 46 1. 216 . 00316
21.0 8 47.48 5.93 0. 773 . 00340
4.4 11 41.89 3. 81 0. 581 . 00360

T r

_i I I I I I

2.6 2.8 3.0 3.2 3.4 3.6

1000
T°

Figure 15. Relationship of log "reaction rate" and 1/T°k
for cements over temperature range from 4-4 io 100° C.

Effect of Moisture Content—Heats of Adsorption and Wetting

The heat of hydration of a cement, as normally
measm-ed, represents the total heat evolution that
is usually of direct practical interest. However,
this heat consists of two separate factors represent-
ing the energy change due to chemical reactions
and the heat of the simultaneous adsorption of

water on the colloidal hydration product. For a
well hydrated cement, perhaps 80 percent of the
energy released is due directly to the chemical
reactions, i.e., the formation of "hydrates," while
20 percent of the energy represents the "wetting"
of the large surface area of this colloidal product,
this "wetting," of course, being necessary for the
continuation of hydration. The relative amounts
of these energies depend to some degree upon the
chemical composition of the cement. The heat
of adsorption of the hydration product is of con-
siderable practical and theoretical interest.

In its most practical aspect, it appeared possible

that unevaluated heat of adsorption effects could
influence the heat of hydration measurements of

cement with resulting errors in estimation of the
degree of hydration of the cement from such data.

Copeland and Bragg [71] have shown that hy-
drating past specimens, sealed to prevent uptake
of water, become "self desiccated," the relative

humidity within such pastes decreasing as the
cement hydrates, with the decrease being most
pronounced for pastes of low water-cement ratio.

The lowest relative humidity they observed was
94 percent in a paste of 0.44 water-cement ratio

at 1 yr. It would appear probable that pastes of

0.40 water-cement ratio cured 6)2 or 13 yr might
have relative humidities significantly below this

value. In addition to self desiccation, a cement
paste can lose further increments of moisture dur-
ing the crushing, grinding, screening, and weighing
procedures required in the preparation of paste

samples for heat of solution measurements. These
considerations suggest that the relative humidity
of 0.40 water-cement ratio pastes at the later test

ages, such as shown in table 9, might be as low as

80 or 90 percent. The heat of solution of a paste

at 80 percent relative hmnidity is greater than that

of a more nearly saturated paste, the additional

increment representing the heat of wetting of the

surface from perhaps 80 to 100 percent relative

humidity. This greater heat cl solution of the

hydrated but partially dried paste reduces the

apparent heat of hydration of the paste. Powers
and Brownyard [69] report the heat of wetting of

paste equilibrated by adsorption to 80 percent
relative humidity to be as great as about 6 to 7

cal/g cement. An "error" of this magnitude in

determination of the heat of hydration of low
water-cement ratio pastes at later ages if neglected

could introduce a significant error in estimation

of degree of hydration of the cement from such
data.
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The heat of wetting was determined at the 13-

yr test age for all pastes of 0.40 water-cement
ratio reported in table 9. In addition to the

customary determination of the heat of solution

of the partially desiccated paste, a sample of the
paste was wetted and equilibrated and then
introduced into the calorimeter using a specially

designed capsule for heat of solution measure-
ments. For the cements of 0.40 water-cement
ratio at the 13-yr test age, the average heat of

wetting was determined to be only 0.9 cal/g ce-

ment. Since even smaller heats of wetting could
be anticipated in tests at higher water-cement ratio

and earlier ages further use of this special tech-

nique was not considered necessary.

In addition, the heats of adsorption and de-

sorption of hydrated cement paste are of con-
siderable theoretical interest. Unfortunately,
only a modest amount of information is available

on the heat of adsorption. The data obtained by
Powers and Brownyard [69] regarding heat of

adsorption of hydrated pastes is most instructive

and also serves to reveal the need for additional
information.

These data, shown in figure 16, were obtained
by the heat of solution method for pastes dried to

the nonevaporable water state (magnesium per-

chlorate) and then equilibrated at various relative

vapor pressures. It can be observed that the
relationships obtained for these two cements are

similar and that each relationship appears to con-
sist of two discrete portions each of which is a
linear function of water content. These data
imply that two different classes of water are sorbed
on hydrated paste, the types of water having
distinctly different "heats of adsorption" but yet
each type having a constant differential heat of

adsorption over the entire range of water contents
in which it operates. In addition, there appears
to be a rather abrupt discontinuity in the rela-

tionships observed, which would not be antici-

pated if only simple surface adsorption were in-

volved. It should be further noted that the total

heat of adsorption, taken as the difference between
the heat of solution of the pastes at the nonevap-
orable water state and the heat of solution extra-

polated from the observed relationships to the
total water content at 100 percent relative hu-
midity, is approximately 30.4 cal/g for cement
16186 and 30.8 and 30.9 cal/g for cement 16189,
A, B, and C rounds respectively. This apparent
equality in the total heat of adsorption of these

pastes is of considerable significance since the

degrees of hydration of the two pastes were ma-
terially different; the original water-cement ratios

of the pastes being the same.
These observations of the "heat of adsorption,"

are analogous to recent observations in this labora-

tory of the drying shrinkage of cement pastes in

the absence of carbonation. These shrinkage
studies of hydrated pastes yield similar implica-

tions; the shrinkage-moisture content relationships

of pastes between 100 and 0 percent relative

humidity consistently demonstrated that there are

two distinctly different types of water desorbed,

each type of water having a constant shrinkage-

water loss ratio over its operative range.

It is well established that various hydrated
compounds in cement, the calcium aluminates and
calcium sulfoaluminates, at least, will dehydrate
and lose chemically combined water in this general

range of relative vapor pressures. These results

indicate the importance of the energy changes
which accompany adsorption and desorption,

particularly in their contribution to a full under-
standing of the volume changes of cement paste.

Cement 16189 -A
1

Round

— Saturated

P/P; = 0 -^>'
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.5 .4 .3 .2 .5 .4 ,3 .2

Total Water, G per G Cement

Cement 16186
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Totol Water, g. per g. Cement

Figure 16. Heals of solution and adsorption of pastes

containing various amounls of adsorbed water.

Data from Powers and Brownyard [69].

Intrinsic Characteristics of Cement
It is apparent from the data presented in figures

10 and 11, and from numerous other studies of the
heat of hydration of cement, that cements differ

significantly in heat evolution characteristics, both
as to total ultimate heat evolution and the rate at
which this heat is liberated. It is believed that the
causes of these different heat evolution character-
istics in cements are understood, at least to a

semiquantitative degree. Factors causing these

differences include the composition of the cement.

the fineness of the cement, partial prehydration of

cement, glass content, and alkali and g.ypsum
contents. The influence of some of these factors

will now be discussed.

Cement Composition

As a first approximation it is apparent that the

heat liberated by a cement during complete hydra-
tion is approximately the sum of the heats of com-
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Table 13. Heats of complete hydration of individual compounds

Anhydrous
compound

Product Heat of hydration, ca!/g anhydrous compounds

C3S C3S+3H20 120 Lerch & Bogue [89]

C2S C2S4-2H2O 62 Lerch & Bogue [89]

C3A C3A-6H20 207 Lerch & Bogue [89]

C3A C3A-6H20 214 Thorvaldson, Brown & Peaker [94]

C3A C3A-8H20 235
C3A C3A-10'2H2O 251
C3A CsA-ll-fiHjO 261
C3A O3A*0OabU4-0Z±l2U 347 Lerch & Bogue [89]

C4AF 100 Lerch A Bogue [89]

CaO Ca(0H)2 278.9 Thorvaldson, Brown & Peaker [95]

plete hydration of the individual compounds
present or calculated to be present in the cement.
The individual chemical compounds have signifi-

cantly different heats of complete hydration as is

shown in table 13. The heat evolved by C2S is

only 62 cal/g whereas the heat of hydration of

C3A is at least 207 cal/g, with C3S and C34AF having
intermediate values. Cements having high C3A
(and C3S) contents have significantly higher heats

of complete hydration than cements low in these

constituents and high in C2S content.

The various compounds differ not only in heat
of complete hydration but also in rate at which
they hydrate; it has been generally observed that

those compounds with high heats of complete
hydration, C3A and C3S, also hydrate much more
rapidly than C2S, which has a low heat of

hydration.

It is of interest to interpret the observed heats of

hj'dration of different cements at various periods of

hj^dration in terms of the composition of the

cements. Various investigators [63, 65, 51] have
used the method of least squares for this purpose.
The coefficients obtained by such least squares
analyses need to be interpreted with considerable
care because of the several assumptions that are

involved. Least squares analyses can be per-

formed on the basis either of calculated compound
composition or of oxide analysis. Since the

calculated compound composition ran be expressed
by linear relationships with the oxide composition,
least squares analyses on both bases are mathe-
matically equivalent. Therefore, a least squares
analysis in terms of calculated compound composi-
tion that produces heat coefficients that correspond
to the heats of hydration of the individual com-
pounds, and that collectively will closely reproduce
the heats of hydration of the cements, does not
require that the assumed or calculated compounds
in reality exist. In addition, the least squares
method assumes that the various compounds
hydrate independently as has been discussed in
the second main section of this paper.

Since it is not expected that the inherent
hydration characteristics for any particular com-
pound or phase would be identical in the various
cements because of differences in actual composition
and grain size of that phase among the different

cements, the coefficients obtained for the various
compounds will represent only the average
coefficient for that compound among the different
cements.

The results of least squares analyses of heat
of hydration results at various ages obtained by
Woods, Steinour, and Starke [63] with laboratory
prepared cements are shown in table 14 and are

compared with the heats of complete hydration
for the pure compounds as reported by Lerch
and Bogue [89]. The coefficients obtained for

the compounds at the later ages acceptably
correspond to the heats of complete hydration
of the individual compounds. In addition, the

coefficients obtained at the early ages conform
qualitatively, at least, to the intrinsic reactivity

of the individual compounds in that C3S and C3A
react rapidly whereas C2S reacts slowly. There-
fore, the heat of hydration coefficients obtained
by least squares analyses appear to have a real

significance in relation to both the rate of hydra-
tion and the total heat evolutions of the individual

compoimds. These cements were laboratory
ground with a constant amount of gypsum from
laboratory prepared clinker having a very low
alkali content.

Table 14. Results of least squares analysis of heats of
hydration of cements

From Woods, Steinour, and Starke [63, 64]

Com-
pound

Least squares coefficients.

Heats of hydration, cal/g compound
Heats of complete
hydration, (Lerch
& Bogue [89])

cal/g compound
3 days 7 days 28 days 3 mo 6 mo 1 yr

C3S 98 110 114 122 121 136 120

C2S 19 18 44 55 53 62 62

C3A 170 188 202 188 218 200 207

C4AF 29 43 48 47 73 30 100

The least squares analyses previously reported
by Verbeck and Foster [51] for commercially
prepared cements at 0.40 water-cement ratio

hydrated up to Q}i yr have now been extended to

include analyses of results obtained after 13 yr

of hydration and new results obtained for pastes of

0.60 and 0.80 water-cement ratio. Results ob-

tained at 0.40 water-cement ratio are shown in

table 15 and are compared with the data of Lerch
and Bogue [89] for the heats of complete hydra-
tion of the pure compounds. The heat coefficients

obtained for C3S, C2S, and C4AF with these com-
mercial cements are in close agreement with the

reported heats for complete hydration. However,
the coefficient obtained for C3A is considerably
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Table 15. Results of least squares analysis of heats of
hydration of cements

Com-
pound

Least squares coefficients, heat of hydration at
water-cement ratio and age indicated Heats of com-

plete hydra-
tion (Lerch &
Bogue |89])

cal/g com-
pound

cal/g compound—0.40 W/C and 21 °C.

3 day 7 day 28
day

90
day

1 yr.

yr.

13 yr.

C3S..._ 58 53 30 104 117 117 122 120
C2S 12 10 25 42 54 53 59 62
C3A.... 212 372 329 311 279 328 324 207
C4AF._ 69 118 118 98 90 111 102 100

greater than that obtained for the formation of

C3AH6, 207 cal/g, but approximates the heat of

hydration of C3A, 347 cal/g of C3A, to form
C3A-3CaS04-32H,0, as reported by Lerch and
Bogue.

Analyses by least squares can be based on
various models and many have been evaluated.
The coefficients shown in table 15 were derived
on the following assumption:

(1) H,=a (% C3S)+ 6 (% CS) + c (% C3A)+fZ
(% C4AF)

in which Ht=heat of hydration at a given
age.

However, and particularly in view of the high
coefficient that was obtained for C3A, additional

postulations were made as follows:

(2) Formation of C3A-CaS04-12H20

H,=a {% CS)+ b (% CS)+ c (% C3A
- 1.125% SO3) +(Z (% C4Ar) +e (% SO3) and

(3) Formation of C3A-3CaS04-32H20

H,=a (% C3S)+ 6 (% CS)+c (% C3A
-3.375% SO,)+d (% C4AF)+ e (% SO3)

The results of such analyses are shown in table 16,

Table 16. Results of least squares analyses of heat of
hydration data including the formation of calcium sulfo-
aluminates

Least squares coefficients—cal/g
compound, 0.8 W/C—1 yr

eq (1) eq (2) eq (3)

CaS 124
76

325

128
91

396
-602

152

125
81

384
672
121

C2S
C3A
SO3
CiAF 95

where it may be noted that these additional
assumptions did not assist in revealing fm-ther
details of the nature of the hydration reactions
and the accompanying heat evolutions.

Of the various assumptions evaluated, perhaps
the most instructive concerned the role of clinker

alkalies on heat evolution. Newkirk [90] has
reported that K2O and Na20 in portland cement

clinker form the compounds KC23S12 and NCgAs.
Least squares analysis based on calculated po-
tential compound compositions, including the
formation of these alkali substituted compounds
produced the coefficients shown in table 17.

Table 17. Comparison of least squares coefficients for
alkali substituted compounds at early and late ages

Compound

Least squares coefficients, cal/g com-
pound, 0.8 W/C—16 cements

3 days lyr CMyr

CsS 92 130 134
C2S 22 73 76
KC23Sl2 57 62 74
C3A 127 310 325
NC8A3 4 322 288
CiAF —17 88 71

Comparisons of the coefficients obtained at 1 yr
and at Qji yr for C2S and KC23S,2 or for C3A and
NC8A3 suggest that at complete hj-dration the
heat contributions of the presumed alkali sub-
stituted compounds are similar to the heat con-
tributions of the unsubstituted compounds.
However, at the age of 3 days the heat contribu-
tions of the substituted and unsubstituted com-
pounds appear significantly different, suggesting
a significant effect of alkalies, directly or indirectly

at early ages.

Further elucidation of the nature of the reac-

tions by least squares studies based on such
relatively direct postulations may not be possible;

Lerch [91] has shown that heat evolution depends
in part and in a rather complicated way upon
the mutual effects of C3A content, fineness, alkali

content, and gypsum content of the cement.
There is evidence indicating that the heat

contribution coefficients of the individual com-
pounds derived by the method of least squares
have an additional significance. The amount of

combined water (the nonevaporable water con-

tent) in a hydrated cement paste, can be used as

a further index to the degree of hA'dration of

cement. The nonevaporable water content, Wn/c,

was determined for all the cements at all test

ages and for all water-cement rations, sunultan-
eously with the heat of hydration measurements
previously discussed. Least squares analysis of

this information in a manner similar to that used
with the heat of hj'dration results is most instruc-

tive. The number of moles of water associated

with each mole of the clinker compounds can be
derived by such anal3'sis and compared with the

heat contributions derived for the same test

conditions, as is shown in figure 17. These
relationships reveal that the derived coefficients

for heat contributions and for moles of combined
water for both C3S and C2S approximate as a

limit a point closeh' corresponding to the ultimate

heat of hvdration and water content of the prod-

ucts C3S'+3H20 and C2S+2H2O respectively.

For less than complete hvdration, it can be
observed that both the derived heat coefficients

and the combined water coefficients indicate
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Figure 17. Comparison of least squares coefficients for heat evolution and combined
water of C3S, C2S, and C3A.

approximately the same degree of hydration of

the compound, in further support of the signifi-

cance of heat contributions derived by least

squares.

The relationship obtained for C3A indicates

that both the derived heat contribution and
combined water for this compound exceed the
ultimate heat of hydration and water content of

C3A-6H20 except at the earliest test age, 3 days.
The relationship obtained suggests an irregular

relationship (dashed line) corresponding to hy-
drates higher than C3A-6H20. More detailed
study suggests that higher hydrates are formed
which slowly reconvert to lower hydrates as the
cement continues to hydrate with time. Such a
relationship as shown in figure 18 supports the

500

400

- 300 °

200

100

28d. 3 mo. !yr 6 '^2 yr

Age of Paste

Figure 18. Least squares coefficients for heat evolution
and combined water of C3A at various ages.

0.80 water-cement ratio pastes.

possibility of slow secondary changes in the C3A
hydrated product, where it can be seen that both
the heat coefficients and combined water coeffi-

cients reflect similar changes with time.

It is believed that the degree to which the
derived heat coefficients and combined water
coefficients permit equal estimates of the degree
of hydration and of observed secondary changes
serves to support the significance of such derived
coefficients. However, there are several other
factors which can contribute to or alter heat
evolution and which are not normally included
in least square analysis. Cement constituents
such as free calcium oxide and magnesium oxide
will hydrate with evolutions of heat that usually
are not considered in least squares analysis. In
addition, the glass content of the clinker and the
ignition loss of the original cement, which repre-
sents a degree of partial prehydration and car-

bonation of the clinker minerals have not usually
been considered but do have a significant effect

on the heat of solution of the original cement.
The effect of glass content on heat of solution

and heat of hydration as reported by Lerch
[92, 93] and shown in table 18 is most interesting.

The average increase in heat of hydration ob-
served with an increase in glass content is 7.9

cal/g at the 28-day test age. This increase
corresponds within experimental error with the
6.8 cal/g increase in heat of solution of the original

cement. These data suggest that the observed
increase in heat of hydration is due solely to the
increased energy content of the clinker with an
increase in glass content and that although the
glass phase during hydration eventually attains

the same state as the corresponding crystalline

phase, the glass phase hydrates less rapidly than
the crystalline phase.
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Table 18. Effect of glass content on heat of solution and
heat of hydration

Average heat of solution [92]

cal/g

Orig.
cement

3 days 7 days 28 days 3 days 7 days 28 days

638.8 564.2 552.4 544.9 74.6 86.4 93.9
641.9 567.2 555.0 546.0 74.7 86.9 95.9
645.6 570.9 654.7 543.8 74.7 90.9 101.8

Average heat of hydration [93]

cal/g

The heats of solution of the original cements
and hence the observed heats of hydration also

depend significantly upon the partial prehydra-
tion of the original cement. Studies at this labo-
ratory [52] have shown that the ignition loss of a
cement represents loss of chemically combined
water and CO2 and loss of evaporable water, the
latter presumably associated with the calcium
sulfate in the cement. The amounts of CO2 and
of these different classes of water vary appreciably
among cements and as shown in table 19 signifi-

Table 19. Range and analysis of losses on ignition and
the corresponding corrections to heats of solution of 27
commercial cements

Range Ignition
loss

Com-
bined
water

CO2
Evap-
orable
water

Correction to

heat of solu-
tion of original

cement, cal/g

% % % %
Maximum . 1.60 1.11 0. 33 0.49 -f9.5
Average 0.82 0. 45 . 17 . 19 +3.5
Minimum . .35 .13 .08 .00 +0.4

cantly affect the heats of solution of the cements
and hence the observed heats of hydration. An

approximate correction can be made to the heats
of solution of cements from measurements of the
CO2 content and the content and distribution of

the water within the cement assuming that the
combined water and CO2 have reacted with cal-

cium oxide and that the original cement should
have an evaporable water content corresponding
to the dihydrate of the CaS04 in the cement.
Approximate corrections calculated on this basis

for 26 cements are significant in amount and vari-

ability as shown in table 19.

Results of a least squares analysis based on a
selected group of these cements in which the cor-

rection for heats of solution of the original cements
ranged from +0.7 to +4.9 are compared in table

Table 20. Results of least squares analyses based on un-
corrected and corrected heats of solution of original cements

Basis of analysis

Least squares coefficients heats of hy-
dration, cal/g compound 0.80 water-
cement ratio, 6}/2 yr

C3S C2S C3A CtAF

Uncorrected heats of hydration.. 132 77 321 73
Corrected heats of hydration 137 81 325 62

20, with results of a similar analysis based on the

uncorrected heats of solution.

It is observed that the coefficients for C3S,

C2S, and C3A were higher for the corrected heat
analysis, indicating that the chemically combined
water and CO2 do not react primarily with either

the C3S or C3A component of the cement. Other
studies indicate some relation between the

amounts of free CaO and alkaU in the various ce-

ments and the amounts of combined water and
CO2 which they contain.
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Discussion

J. H. Taplin

Copeland and Kantro discuss the effect of

Wo/C on the Isinetics of the hA^dration of portland

cement paste. They quote some data of mine
for a cement A2 which, in the early part of the

reaction, reacted more rapidly at the lower water-

cement ratios. They propose an explanation in

terms of the greater temperature rise to be

expected during the first 24 hr in pastes of higher

cement content. This explanation was not given

by me because the effect was not found in similar

experiments with other cements. The effect of

Wo/C on the hydration rate at 25 °C is shoAvn for

three of these cements in figure 1. It seems safe

to conclude that, with some cements, Wo/C does

have an appreciable effect on the rate during the

first 3 or 4 days.

As a further test of the temperature-rise ex-

planation for the behavior of cement A2, some of

the experiments were repeated, and the tempera-

ture of the paste relative to the curing cabinet was

obtained by means of a thermocouple in the paste

and a recording potentiometer. For paste with

a Wo/C ratio of 0.35, cured at 25 °C in a six-gang

steel mold which was wrapped in polyethylene
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sheet, the greatest temperature difference between
the paste and the curing cabinet was attained at
15 hr, and amounted to only 0.7 °C, whilst the
mean difference during the period 5 to 22 hr was
less than 0.25 °C. Assuming an apparent activa-
tion energy of 10 kcal, an increase of 0.25 °C will

increase the rate by only 1.3 percent. For a
0.25 Wo/C paste which was cured at 25 °C in a
single polyvinyl chloride mold in a stoppered

Curing F-^rioo, i-/e>k>Ra

Figure 1. Effect of W„/C on rate of increase of combined
water in portland cement paste. The Wo/C is marked on
each curve, (a) Cement Bl, (6) Cement Cl, (c) Cement Dl.

glass tube, the maximum temperature rise was
0.85 °C at 15 hr, and the mean rise between 5
and 22 hr was 0.5 °C, which corresponds to a
rate increase of 2.5 percent. These temperature
rises are too small to account for much of the
rate increases of up to 20 percent actually observed
for cement A2 at low Wo/C.

Copeland and Kantro also describe a large
increase in hydration rate for paste which is cured
continuously saturated. As we had not observed
this effect we carried out the experiment described
below.
Two six-gang ebonite molds for 4 x }^ x }^-in

specimens were filled from the same batch of 0.35

Wo/C paste. The cement, A3, was a different

batch of the same brand as A2, i.e., an ordinary
portland cement with a high alkali content. One
mold was half immersed in a dish of water in such
a way that the paste made contact with the water
through the lower joints of the mold. The upper
surface of the mold was sealed by a polyethylene
sheet in contact with the paste. After 2}i hr it

was observed that a pool of solution had collected

above the paste, between it and the polyethylene.
This osmotic flow proves that the paste and water
were in contact through the mold joints. The
other mold was simply wrapped in a polyethylene
sheet. Both molds were stored side by side in a
large constant-temperature room at 21 °C and
stripped after 19 hr. The specimens from the
continuously saturated mold were placed in stop-
pered glass tubes containing a few ml of water.
Those from the self-desiccated mold were placed
in dry tubes.

Table 1. The effect of curing condition on the hydration of
an 0.35 Wo/C paste at 25 °C

io< H/c

Curing Saturated Selt- Mean
period desiccated difference

hr
19.6 412 438 -17.5

423 432

26 538 570 -9.5
575 562

43 802 865 -49.0
796 831

68 1100 1072 +67.0
1148 1042

144 1171 1107 +44.0
1160 1136

237 1260 1249 +42.0
1313 1240

646 1403 1317 +68.0
1382 1332

1730 1505 1367 +105. 5

1485 1412

Mean 1029.

6

998.3 +31.3

After various curing periods, samples were taken
in duplicate from both sets of specimens, and
measurements were made of the combined water

[1], H/C, with the results shown in table 1. The
mean difference in H/C of 0.0031 between satu-



rated and self-desiccated specimens is significant

at the 95 percent probability level and corresponds
to the hydration of about 1.5 percent of the
cement. (Copeland and Kantro, in their figure 4,

show a difference which corresponds to the hydra-
tion of about 15 percent of the cement.) The
mean negative difference in table 1, for curing
times less than 48 hr, is not significantly different

from zero. It must be concluded that, for this

cement at least, the difference in hydration be-
tween continuously saturated and self-desiccated

paste is very small for the first 48 hr and corre-

sponds to the hydration of only 5 percent of the
cement after about 10 weeks.
Copeland and Kantro briefly discuss possible

reaction mechanisms for portland cement. The
structure of cement clinker is such that the more
reactive major components tend to be surrounded
by thin shells of the less reactive minor compo-
nents. This makes it very difficult to analyze ex-

periments designed to show the effect of particle

size, depth of reaction, or mineral composition on
the hydration rate. It seems probable that the
inner and outer products [1] are different in com-
position and/or structure, but as yet, there is little

evidence about this.

Verbeck discusses the effect of curing tempera-
ture on the rate of hydration of portland cement.
The apparent activation energy obtained from his

Arrhenius plots is less than the 10 kcal obtained
in this laboratory [2]. However, the apparent
activation energy obtained from Verbeck's figure

14 should be doubled, because if one assumes a
square-root law, one must use the square of the
slope, heat of hydration against the square root
of time, as an estimate of hydration rate.
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Discussion

H.-G. Smolczyk

The following discussion is for the purpose of

contributing a new idea to the most interesting

paper by the gentlemen of the Portland Cement
Association. Throughout cement chemistry.
X-ray investigation is a valuable means of de-
termining clinker components as well as of ob-
serving the hydration of cements. For very many
cases the procedures using an internal standard,
as described in detail by Copeland and Bragg [1],

and more recently by Brunauer, Copeland, Kantro
Weise, and Schulz [2], and by Midgley, Rosaman,
and Fletcher [3], are the best and most exact
methods of quantitative X-ray analysis.

There are cases, however, for which the method
of direct X-ray analysis without a standard (or

with an external standard serving only as a control

of intensities) is to be preferred. One example is

the X-ray investigation of the rate of liydration of

minerals in a cement as dependent on the time of

hydration. Hereby the absolute amounts of

these minerals in percentage of the hydrated
cement are of minor interest, for the results can
be compared only if these values are expressed as

percentag-e of the original dry cement. The major
interest is not in the absolute amount of newly
produced hydrates expressed as percentage of the
hydrated matrix, but in the percentage of the
formerly unhydrated cement that is combined
with water.

The method using an internal standard will

measure only absolute amounts obtained as per-

centage of the hydrated matrix, so the loss on
ignition has to be determined first before the

wanted relations between the dry components can
be calculated.

On the other hand use of the method of direct

analysis permits neglecting the influence of the

water on the X-ray intensities, because of the ver}^

low mass absorption coefficient of H2O. By direct

analysis the results will also be obtained as per-

centage of the original dry cement. The error

arising from neglecting the influence of the water
is so small, compared with the other errors of

X-ray analysis, that it is of no importance at all,

as demonstrated by the following two examples:

1 . Hydration rate of alite in portland cement.

Suppose the 50 percent of alite in the cement to

be 80 percent hydrated and the cement paste to

have an H2O content of 25 percent. Then the dry
paste without water content will contain 10

percent of alite, and the hydration rate of the

alite will be

50

The matrix with water content, however, contains

7.5 percent of ahte and 25 percent of water.

Now let us calculate the X-ray hne intensitj^

for the alite that can be expected. The following

rough values are introduced:

jU(,= the mass absorption coefficient of the

original dry cement =100
ju^= the mass absorption coefficient of HoO^ 10

^1x4= the mass absorption coefficient of the

alite =100
/°=the X-ray line intensity for 100 percent

of alite =160.

In the unhydrated cement containing Xi fraction

of alite, the intensity is:

/Ai=nii^= 160-0.50.^=S0

After the cement has taken in 25 percent of

water, the mass absorption coefficient of the

matrix is Mii/
= 75+ 2.5= 77.5. Therefore the inten-
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sity for the 7.5 percent of alite in the matrix will

be:

Ia2=^I°aX. ^= 160.0.075~=15.5
Hm 77.5

If now the calculation is performed without paying
regard to the mass absorption coefficients, and if

only the measured absolute intensities of the alite

in the two X-ray diagrams of the cement before

and after hydration are introduced in the equation,

the rate of hydration will be

oU

So the neglect of the mass absorption coefficients

has caused an absolute error of only +0.6 percent.

The other errors of X-ray investigation methods
exceed by far the one introduced by this procedure,

for 10 percent of alite cannot in any case be
determined exactly to ±0.3 percent.

2. Determination oj the percentage of original

Cement hound in ettringite.

In order to perform such a determination the

measuring of intensities alone will not be sufficient,

but it will be necessary to know the Ie and the

He of ettringite as well as the hc of the dry original

cement.
Suppose 10 percent of the original cement

changed into ettringite, and the cement to have
taken in again 25 percent of water. Let the

mass absorption coefficient of the dry cement

He be again 100, then that of the set cement,

Hm, will be again 77.5. For the ettringite the

following values have to be introduced:

M£!=the mass absorption coefficient of

ettringite= 50

I°E= the X-ray line intensity for

100 percent of ettringite= 500.

The matrix contains 7.5 percent of C3A (Cs)3 where
s=S03, equivalent to 13.9 percent of C3A (Cs)3

II32, and the intensity for the ettringite in the matrix
wUl be

lE=nx ^=500-0.139-4^-44.9
Mm 77.5

If this measured intensity is introduced in the
equation

h Ms

and the mass absorption coefficient of the dry
cement is applied in place of hg, the content
of ettringite in percentage of the dry cement
may be calculated as follows

Mc_44.9 100_

^~/°^M^~500" 50

Now the hj^dration water of the ettringite (46
percent) has to be subtracted from the 18 percent
of ettringite, and the value 9.7 percent of C3A (Cs)3

is obtained.
In this determination, too, an error of only

— 0.3 percent has been introduced, which is of

no importance compared with the well-known
inaccuracy of the X-ray analysis of hydrates.
By applying this method the hydrated per-

centages of the original cement can be determined
directly with only a very small error and without
the necessity of knowing the water content of

the matrix. Hereby a very careful preparation
of the samples is of great importance. As the
method of avoiding preferred orientation, de-
scribed by Copeland and Bragg [1], cannot be
applied here, only those hydrates can be de-
termined the preferred orientation rates of which
are fully known and reproducible.
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Paper IV-Sl. Role of Gypsum in the Hardening of Hydraulic
Cements*

p. p. Budnikov

Synopsis

On the basis of his investigations, the author has shown that the high-sulfated form
of calcium hydrosulfoaluminate that forms in cement as a result of interaction of calcium
sulfate with aluminates is under proper physicochemical conditions a structurally useful
compound in the hardened cement.

The addition of an elevated amount of gypsum (or anhydrite) to high-CsA portland
cement increases the resistance to the action of water solutions of Na, Mg, and Ca sulfates;
this is explained by the formation of hydrosulfoaluminate. The greater the amount of
C3A bound with calcium sulfate at early hardening periods (under 28 days), the higher is

the sulfate resistivity of the hardened cement. The optimum content of gypsum in portland
cement is that binding the C3A to calcium hydrosulfoaluminate in the early period of
hardening of the cement.-

In sulfate-slag (clinkerless or low-clinker) cements based on acid and basic granulated
blast furnace slags, in presence of a liquid phase (water) and of a small amount of alkali

(Ca(0H)2 or Mg(0H)2) and of calcium sulfate there forms calcium hydrosulfoaluminate.
The latter, jointly with other new formations—calcium hydrosilicate, 3CaO-2Si02-aq, and
calcium hydroaluminate, 2CaO- A1203-7H20, and in the case of acid slag, 2CaO- A1203-7H20
and 2CaO-Si02-aq—determines the hardening and durability of the cement stone.

In aluminous cement the addition of about 30 percent of gypsum in presence of a liquid
phase interacts chemically with calcium aluminates forming hydrosulfoaluminate which
influences positively the properties of this cement. When hardening occurs under moist
conditions, an expanding cement is obtained which possesses a high water imi)ermeability,
without any decrease of strength at elevated temperature conditions due to exothermy or
external heating. If about 25 percent of insoluble anhydrite is added to aluminous cements,
a non-shrinking cement is obtained, hardening normally under conditions close to adiabatic.
Concrete with that cement has an increased resistivity in aggressive media containing
NaCl, MgCl2, NajSOi, MgSOi and CaS04.

Resume

Comme suite de ses recherches I'auteur a ddmontre que la forme de hydrosulfoaluminate
de calcium k haute teneur de sulfate qui ce forme dans le ciment a cause de I'interaction

du sulfate de calcium avec les aluminates, sous des conditions physico-phimiques correspon-
dantes, presente une liaison structurellement utile dans la pierre de ciment solidifi^.

L'addition d'une quantite elevee de gypse (ou d'anhydrite) au ciment portland a haute
teneur d'aluminate augmente la r^sistibilite de la pierre de ciment a Taction de solutions

d'eau de sulfates de Na, Mg et Ca, ce qui s'explique par la formation de hydrosulfoaluminate.
Le plus de C3A entre en liaison avec le sulfate de calcium dans les termes de debut de la

solidification du ciment (avant 28 jours), la plus haute est la resistivite aux sulfates de la

pierre de ciment. La quantite optimale de gypse dans le ciment portland doit etre celle

qui lie le C3A a former I'hydrosulfoaluminate de calcium pendant la p^riode de debut de
durcissement du ciment.

Dans les ciments sulfate-laitier (sans clinker ou avec peu de clinker), obtcnus sur la

base de laitiers granules acides ou basiques, en presence d'une phase liquid (eau) et d'une
petite quantite d'alcalis (Ca(0H)2 ou Mg(0H)2) etde sulfate de calcium, est forme I'hydro-

sulfoaluminate de calcium, lequel, ensemble avec d'autres nouvelles formations—silicate

hydrocalcique 3CaO-2Si02-aq et aluminate hydrocalcique 2CaO- A1203-7H20 et dans le cas

de laitieracide 2CaO-Al203-7H20 et 2CaO-Si02- aq.,—stipule la solidification et la longevity
de la pierre de ciment.

Dans le ciment alumineux le gypse additionn4 a celui-ci dans une quantity d'a peu pres
de 30% en presence d'une phase liquide entre en interaction chimique avec les aluminates
de calcium en formant I'hydrosulfoaluminate qui influence positivement les proprietes de
ce ciment: on obtient un ciment dilatable se solidifiant sous des conditions humides avec
une haute imperm^abihte sous des conditions de temperatures elevees pour le compte
d'exothermie ou d'echauffement externe. En additionnant au ciment alumineux pres de

25% d'anhydrite insoluble, on obtient un ciment incontractable se solidifiant normalement
sous des conditions s'approchant aux adiabatiques. Le beton avec ce ciment possede une
stability eievee dans les milieux agressifs contenant des sels de NaCl, MgCU, Na2S04,
MgSOi et CaS04.

Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from the U.S.S.R. Academy of Sciences,

Moscow, U.S.S.R.
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Zusammenfassung

Auf Grund seiner Untersuchungen hat der Verfasser gezeigt, daU die hoch-sulfatisehe
Form von Calciiimhydrosulfoaluminat, die sich im Zement infolge der gegenseitigen Wirkung
von Calciumsulfat mit Aluminaten bildet, unter entsprechenden physikalisch-chemischen
Bedingungen eine strukturell niitzliche Verbindung im erharteten Zementstein ist.

Die Zugabe einer erhohten Menge von Gips (oder Anhydrit) zu hochaluminatigem
Portland-Zement erhoht die Bestandigkeit von Zementstein der Einwirkung von wasserigen
LoRungen von Na, Mg und Ca gegenliber, was sich durch die Bildung von Hydrosulfoalumi-
nat erklart. Je groCer die Menge des in friihen Bindezeiten des Zements (unter 28 Tagen)
mit Calciumsulfat gebundenen C3A ist, desto hoher ist die Sulfatbestandigkeit des Zement-
steines. Die optimale Menge von Gips im Portland-Zement soil die sein, die C3A in Calcium-
hydrosulfoaluminat wahrend der Beginnungszeit des Zementhartens bindet. '

In Sulfatschlackenzementen (klinkerlosen oder wenig Klinker enthaltenden), die aus-
gehend von sauren oder basischen granulierten Hochofenschlacken beim Vorhandensein von
einer fliiCigen Phase (Wasser), in Anwesenheit einer kleinen Menge von Alkali (Ca(0H)2
oder Mg(0H)2 und Calciumsulfat, erhalten werden, wird Calciumhydrosulfoaluminat gebil-

det, das zusammen mit anderen Neubildungen—Hydrocalciumsilikat 3CaO-2Si02-aq und
Hydrocalciumaluminat 2CaO- A1203-7H20, und im Fall einer sauren Schlacke 2CaO-Al203-
7H2O und 2CaO-Si02-aq.,—das Harten und die Bestandigkeit des Zementsteins verursacht.

Im Aluminatzement tritt der ihm in einer Menge von etwa 30% zugegebene Gips in

Anwesenheit einer FlliCigen Phase in eine chemische Zusammenwirkung mit Calciumalumi-
naten ein unter Bildung von Hydrosulfoaluminat, das die Eigenschaften dieses Zements
giinstig beeinfluBt—es wird ein expandierender Zement beim Harten unter feuchten Bedin-
gungen erhalten, der eine hohe Wasserdichtigkeit, ohne EinbiiBen seiner Dauerhaftigkeit
unter Verhaltnissen hoher, durch Exothermic oder auBere Erwarmung hervorgerufener,
Temperaturen besitzt. Bei einer Zugabe von etwa 25% unloslichen Anhydrits zum Alumi-
natzement wird ein volumbestandiger Zement erhalten, der unter den adiabatischen nahen
Bedingungen normal erhartet. Beton mit diesem Zement besitzt eine erhohte Bestandigkeit
in agressiven, NaCl-, MgCl2-, Na2S04-, MgS04-, und CaS04- Salze enthaltenden Mitten.

Introduction

The role of gypsum and other forms of calcium
sulfate (hemihydrate, insoluble anhydrite) varies

in different binding materials. Gypsum is used
in the cement industry as an addition controlling

the setting time. In some cases it slows the rate
of setting (portland cement) ; in others it ac-

celerates the hardening of the cement (for instance
of slag Portland cement) and increases its strength.

About 2.5 percent, computed as SO3, is usually
reckoned to be an admissible amount of gypsum
in Portland cement.
Many investigations have been devoted to the

influence of gypsum on the properties of different

cements. But the optimum percentage of gypsum
in cement is expressed in different papers by
different values.

Some investigations show that the optimum
amount of gypsum in portland cement favorably
influencing the strength of hardened cement paste
is that quantity bound with C3A in the initial

period of hardening. A further increase of gypsum
content can lead to a decrease of strength of the
cement paste and even to its disintegration during
further hardening.
The C3A of portland cement enters speedily into

a reaction with gypsum under suitable physico-
chemical conditions, especially if calcium hy-
droxide is contained in the liquid phase, forming a
complex calcium hydrosulfoaluminate compound,
3CaO-Al2O3-3CaSO4-30-3lH2O. The formation of
this salt, crystallizing in the shape of thin needles
or prisms, is accompanied by a considerable
increase in volume.

If hydrosulfoaluminate has formed at early
stages of hardening, i.e., during the formation of

the structure of cement paste, it is a structurally

useful compound increasing the strength of the

paste. The formation of crystalline sulfoalumi-

nate in hardened cement paste, however, is

accompanied by a disintegration of the paste

because of the growth of the crystals and the

considerable inner strains arising as a result.

Thus in some cases the formation of hydro-
sulfoaluminate in concrete structures based on
portland cement can lead to their destruction, and
in others it is a useful factor contributing to an
increase of strength of the concrete.

The amount of gypsum to be added to portland

cement depends principally on the amount of C3 A.

present and on the velocity with which it combines
with gypsum [1].^

It is known that gypsum combines not only with

C3A to form calcium hydrosulfoaluminate, but
also with C4AF; but the rate of reaction with

C4AF is very much slower than that of the reaction

with C3A.
In order to study the rate of reaction of gypsum

with tricalcium aluminate, we synthesized the

latter by burning a mixture of fine powders of

reagent-quality CaO and AI2O3. Out of a mois-

tened mixture of these components (three equiv-

alents of CaO and one of AI2O3) were pressed at

300 kg/cm^ bricks subsequently fired to sintering

at 1380 °C. This temperature was maintained
for 3 lir. The fired bricks were crushed to pass

completely the 4900 mesh/cm^ sieve. Bricks were
again pressed from the moistened powder and
refired at the same temperature. After the fourth

1 Figures in brackets indicate the literature references at the end of this

paper.
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firing, free lime was absent in the product. A
chemical analysis showed a CaO content of 62.25
percent. Petrographic investigation showed that
the fired product was formed of irregularly shaped
fine isotropic crystals with refractive index
iV=1.710.
A photomicrograph of isometric C3A-6H20

crystals obtained as a result of hydration of C3A
in water for two days is shown in figure 1.

Amounts of 10, 20, and 30 percent of gypsum
were added to the C3A. To determine the
amount of unreacted gypsum, we used a method
based on the different solubilities of gypsum and
calcium sulfoaluminate in a saturated Ca(0H)2
solution.

The results of determination of the rate of reac-

tion of gypsum with tricalcium aluminate are

shown in table 1.

The results showed that with 10 percent of

gypsum in the mixture only 0.80 percent of un-
bound SO3 remained after 6 hours and that SO3
was absent in the solution after 24 hr. With
20 percent of gypsum, SO3 disappeared from the
solution in 7 days, and with 30 percent, in 28 days.

The time of binding of C3A lengthened when
gypsum dihydrate was introduced, and with 10

percent of gypsum the period of binding
diminished.

Table 1. Rate of reaction of gypsum with tricalcium
aluminate

Amount of gypsum in
mix

Amount of unreacted SO3 in:

Gypsum Calculated
as SO3

6hrs 24 hrs 3 days 7 days 16 days 28 days

Percent
10

Percent
5. 88

11.76
17.64

Percent
0.80
3.44
6. 60

Percent
0
1.80
4.93

Percent Percent Percent Percent

20 0. 32
2.63

0
1.1830- 0.64 0

An investigation of the interaction of C3A with
gypsum (saturated solution) showed the formation
of characteristic calcium sulfoaluminate needles

with refractive indices A^g= 1.462 ±0.002 and
7V^,= 1.458.

In figure 2 we see calcium sulfoaluminate crys-

tals formed in 6 hr as a result of interaction of

C3A with gypsum in the liquid phase. In figure 3

are shown calcium sulfoaluminate crystals formed
in the liquid phase in 6 hr as a result of inter-

action of gypsum with cement clinker containing
11.04 percent of C3A.

In investigations on the influence of different

amounts of gypsum on portland cement with
different C3A contents, three clinkers were taken
whose mineralogical composition is shown in

table 2.

Table 2. Mineralogical composition of clinkers {in %)

No. of

clinker
C3S C2S C3A C4AF MgO CaSOi Free

CaO

r 66. 21 19. 00 5. 00 16. 00 1.70 0.49 0. 60
n 41.15 32.20 8. 45 15. 25 1.31 .68 .96m 49. 58 23. 91 11.04 10. 20 3.30 .71 1.03

Figure 1. Photomicrograph of isometric CjA-GHoO crys-

tals obtained as a result of hydration of C3A in water for
two days.

Photograph made with the aid of a green light filter. Magn. 800 times.

Figure 2. Calcium sulfoaluminate crystals formed by the

interaction of C3A with gypsum.
Photograph made under electronic microscope. Magn. 4000 times.

Figure 3. Calcium sulfoaluminate formed by interaction

of cement clinker with gypsum.
Photograph made under electronic microscope. Magn. 4000 times.
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The clinkers were ground to a specific surface of

3,200 cm^/g. Hemihydrate was added in propor-
tions of 3.5 and 10 percent, reckoned as anhydrous
calcium sulfate.

The determinations of the rate of binding of

gypsum as a function of the content of C3A in

Portland cements showed that cement containing

5 percent of C3A bound the 3 percent of added
gypsum completely in 24 hr. The same phe-
nomenon was noted also in cement with 11.04

percent of C3A, to which 3 and 5 percent of gypsum
had been added. A slower interaction takes place

in the case of cements containing 10 percent of

gypsum. Thus, in a high-CsA portland cement
containing 6.30 percent of SO3 at 6 hr after mixing,

the percentage of unbound gypsum in the cement
was 2.9, at 24 hr 1.87, at

3 'days 1.10, at 7 days
0.441, and at 28 days 0.10.

The retarding of the binding of gypsum can
take place because of the formation of a large

amount of hydrated compounds covering the
particles of cement and thus hampering the access
of calcium sulfate molecules to the unreacted
part of the cement. Obviously this factor plays
the largest part in the case of the high-CsA
Portland cement.
Cements with a different C3A content without

any addition of gypsum, in contrast to synthetic

C3A, as would be expected, set quickly ; if 3 percent
of gypsum is added to the same cements, the set-

ting takes longer.

With an increase of the percentage of gypsum
the term of binding shortens, leading to a reduc-
tion of the interval of binding.

The influence of gj^psum as a retarder of setting

of Portland cement can be explained by the fact

that in the presence of the liquid phase the gypsum
reacts quickly with the calcium aluminate hy-
drate, forming submicroscopic hydrosulfoalumi-
nate crystals; the latter, settling on the surface
clinker particles, envelop them and thus retard
the hydration of cement, i.e., its setting. These
deposits are voluminous, because of a simul-
taneous formation of a gel of calcium silicate

hydrates, and draw off the water from the cement
particles.

The strength of cement samples as a function
of gypsum content was determined for the bending
strength on prisms measuring 1x1x3 cm and
for the compressive strength on cubes measuring
1.41 x 1.41 x 1.41 cm prepared from a 1:3
plastic mortar with sand (sand passing the 144
mesh/cm^ sieve and remaining on the 256 mesh/
cm^ sieve was used).

It was found that in the cases of 3 and 5 percent
content of gypsum in high-alumina portland ce-

ment (C3A—11.04%) the intensity of growth of

strength^ was rather regular up to 28 days of
hardening [3]. In the case of the same cement
with 3 percent of gypsum after 28 days and
especially after 90 days hardening a considerable
slackening of the rate of increase of strength took

2 By intensity of growth of strength is understood the percentage relation
of strength at a given age to that at 3 days.

place ; at the same time, the strength of samples of

the same cement with 7 and especially with 10

percent of gypsum grew considerably only after

28 days of hardening. The slackening of the
increase of strength before 28 days in the case of

high-CsA portland cement with 7 and 10 percent
of gypsum is to be explained by a continuous
breaking up of the structure because of the forma-
tion of sulfoaluminate. After 28 days hardening,

when practically all gypsum was bound, the

strength of cement paste sharply increased.

The bending strength of samples from high-

C3A portland cement was determined for 3, 5, 7,

and 10 percent of gypsum.
The investigations showed that in the case of

cement with 10 percent of gypsum the increase

in bending strength was continuous, in contrast

to cement with 3 percent of gypsum whose in-

crease in strength ceased after 2 months.
When investigating the sulfate resistance of

cements with different C3A contents as a function

of the amount of gypsum added, we prepared
samples from a 1 :3 plastic cement mortar. After

28 days hardening in water the samples were
immersed in 5-percent Na2S04 and 1-percent

MgSOi solutions and in a saturated gypsum
solution. The salt solutions were replaced every

month.
It was found that in the case of storage of

samples in a Na2S04 solution the highest strength

was shown by high-alumina portland cement
(C3A—8.45%) containing 7 and 10 percent of

gypsum, and the greatest lowering of strength

was observed in the case of cement containing

3 percent of gypsum.
Complete disintegration of cement (C3A

—

11.04%) with a 3-percent gypsum content took

place first with samples stored in a sodium sulfate

solution, then with those stored in a magnesium
sulfate solution, and lastly, in 12 months, in a

saturated gypsum solution (fig. 4).

CM

5 iO i5 20
—=^ Time in months

Figure 4. Bending strength of cement samples stored in

sulfate solutions (C3A in cement, 11.04%; gypsum, 3%).
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Samples of high-alumina portland cement
(C3A—^11.04%) containing 10 percent of gypsum
showed the highest bending strength when stored
in a 5 percent sodium sulfate solution and the
lowest in a satxirated gypsum solution (fig. 5).

Aluminous cement presents another example in

which gypsum influences essentially the properties
of cement.
Many investigators have studied the processes

of hydration and hardening of aluminous cement.
In the process of hydration of the CaO-Al203

and SCaO'SAlzOa contained in aluminous cement
there is formed a colloidal phase that gradually
takes the shape of a fine-grained mass. The
finest hexagonal crystals of 2CaO- A1203-7H20
speedily grow in size, forming a firm crystalline

network, and the cement hardens in 5-6 hr, the
mortar with sand attaining a strength of about
200 kg/cm^ and higher; in 10-15 hr, 400-500 kg/
cm^ ; and on the third day of hardening about 600
kg/cm^ and more. Thereafter the strength of the
cement increases slowly and insignificantly. But
this hardening process, as is known, takes place
under normal temperature conditions, i.e., at
5-25 °C.

As has been shown by many investigations and
in practice, an increase in the temperature from
30 to 70 °C influences unfavorably the strength of

this cement, the strength of the cement stone
falling more than 50 percent.
The unfavorable influence of elevated tempera-

tures of the medium on the strength of aluminous
cement is explained by the formation of Thorvald-
son aluminate in the shape of fine cubic crystals
of SCaO-AlaOa-eHaO.
The formation of these cubic crystals in the

mass of the Al203-n.H20 gel and the absence of a
crystalline network are the fundamental causes of

the low strength of aluminous cement hardened
at elevated temperatures.
The possibility is not excluded that the strength

of aluminous cement depends not only on the
shape of the crystalline components, but also on
the amount of alumina hydrate that forms in the
earliest stages of hardening, in the shape of a
gel-like mass, and, filling up all voids, creates a
dense structure.

When the temperature increases, the alumina
gel forms in a considerably smaller amount than
at 18-20 °C which presumably is insufficient for
the creation of high density and strength.
As has been shown by our investigations, it is

possible to avoid this negative phenomenon by
introducing gypsum or anhydrite into the batch
of aluminous cement. The calcium aluminates
in alurninous cement, CaO-AlzOj and 5CaO-3Al203,
dissolving in water, begin to interact with calcium
sulfate with the formation of the complex com-
pound calcium hydrosulfoaluminate, SCaO-AtaOg-
3CaS04-3lH20. The temperature increase ac-
companying the hydration of aluminous cement
contributes to this process. The binding of cal-

cium sulfate as hydrosulfoaluminate takes place
at the first stage of hardening, when the cement

5 W 15 2— Time in months

Figure 5. Bending strength of cement samples stored in

sulfate solutions (C3A in cement, 11.04%', gypsum,
10%).

paste does not yet have a stiff skeleton, and the

volume changes of the system connected with the

lower density of this new product (calcium hydro-
sulfoaluminate) , do not influence negatively the

mechanical strength of the hardened cement paste

obtained as a result of these chemical and physical

processes.

We took an aluminous cement of the following

chemical composition (in %)

:

SiOs 10.36 Fe203+FeO 1.85

AI2O3 47.25 MgO 0.39
CaO 38.91 SO3 .38

S . 81

It was shown by the investigations that the

most active addition to aluminous cement is an-

hydrite obtained by firing gypsum at about
600-700 °C.

If aluminous cement showed a crushing strength

amounting in 3 days to 525 kg/cm^ and in 7 days

to 550 kg/cm^ the same cement with an addition

of 25 percent of artificial insohible anhydrite

showed at the same ages 580 and 660 kg/cm^
The packing of anhydrite-aluminous cement into

molds at 2 hours after mixing did not influence

negatively the mechanical strength of the cement.

The addition of artificial insoluble anhydrite to

aluminous cement accelerates the setting of the

cement, and of natural anhydrite retards it.

Characteristic properties of aluminous cement in

the case of an addition of calcium sulfate to it are:

high early strength, expansion when stored in

moist conditions, high water impermeability,

and an increased mechanical strength when
hardening under high-temperature conditions

(when the whole mass of the mixture or concrete

is being equally warmed up from 35 to 80 °C
because of exothermal self-heating or of external

heating). Hydrosulfoaluminate formed during

the hydration of anhydrite-aluminous cement is

not only an excellent structural element of harden-

ed cenient paste, lending it a high mechanical

strength, but also changes the character of the

heat evolution curve in the process of cement
hydration.
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Figure 6. Time-temperature curves of cements in concrete.

1—aluminous cement; 2—anhydrite-aluminous cement.

The total amount of heat evolved during the
hardening of anhydrite-aluminous cement is

somewhat lower than in the case of aluminous
cement of equal strength. When the strength is

about 600 kg/cm^, the heat evolution of aluminous
cement equals about 100 cal/g and of anhydrite-
aluminous cement about 70 cal/g. In the velocity

and character of heat evolution anhydrite-alumi-
nous cement differs from aluminous cement.
Self-heating of anhydrite-aluminous cement begins
much earlier, but the interval between the begin-
ning of self-heating and the temperature maximum
is much longer, though the latter comes somewhat
earlier than in the case of aluminous cement.
Thus the evolution of heat and the increase of

temperature in the case of anhydrite aluminous
cement occurs more regularly than in the case of

aluminous cement; with the latter this process is

somewhat retarded at first but is greater later on.
Figure 6 illustrates the character of the exothermic
processes of hydration of both cements [6].

The character of the heat evolution in the case of
anhydrite-aluminous cement has a positive im-
portance for its practical use: firstly, the self-

warming taking place soon after mixing and laying
of concrete is advantageous to the hardening proc-
ess; secondly, the inner temperature strains in

bulk concrete will be somewhat lower; and, thirdly,
an early self-warming better preserves the con-
crete mass from freezing under conditions of winter
concrete-laying.

A specific peculiarity of anhydrite-aluminous
cement is the considerable increase of its mechan-
ical strength when self-heating of the hardening
mortar and concrete takes place or when warmth
is apphed from outer sources; on the contrary, the
strength of aluminous cement is considerably low-
ered imder these conditions.

Thus, if at 3 days normally cured aluminous ce-

ment had a compressive strength of 560 kg/cm^,
when hardening under adiabatic conditions at 60
°C its strength was lowered to 132 kg/cm^. Under
the same conditions the strength of anhydrite-
aluminous cement (with 25 percent of anhydrite)
increased from 490 to 520 kg/cm^ and in 28 days
to 650 kg/cm^. These cements conduct them-
selves similarly in concrete.

It is laiown that among binding materials,

aluminous cement is the most resistant in aggres-
sive media, if a temperature of the medium not
exceeding 20-25 °C is maintained during the build-

ing of structures.

In this respect anhydrite-aluminous cement is

of interest; concrete made with this cement has a

good resistance in aggressive media containing
soluble NaCl, MgCh, NajSOi, MgS04, and CaS04.
In solutions of these salts the tensile strength of

one-year samples did not decrease.

The adhesiveness of aluminous and anhydrite-
aluminous cements to iron is equal luider normal
temperature hardening conditions; on the other

hand, under nearly adiabatic conditions of harden-
ing the adhesiveness of anhydrite-aluminous ce-

ment to iron is nearly twice that of aluminous
cement.
The anhydrite-aluminous cement is non-shrink-

ing and under certain circumstances expanding
under moist conditions. The phenomenon of ex-

pansion of cement during hardening takes place

because of the formation of calcium hydrosulfo-
aluminate.^

The expansion of aluminous cement manifests

itself especially well if 30 percent of gypsum is

added to it [7].

In the case of water curing of samples of alu-

minous cement containing 30 percent of gypsum
(1:0 mortar), about a half of the combined linear

expansion takes place during the first day. Sam-
ples of 1:3 mortar with the same regime of harden-
ing showed an expansion of 0.08 percent in one
day and 0.09 percent in 3 days, further expansion
ceasing afterwards.

The expanding gypsum-aluminous cement is

characterized by a high water impermeability.

Cylindrical samples 230 mm in diameter and 50

mm in length were prepared from a 1 : 2.5 by weight
cement mortar, as well as concrete samples 100

mm in length of the following composition for 1 m^
of concrete: cement—280 kg, water—170 1, build-

ing sand—690 kg, crushed granite of 30 to 5 mm
size—1300 kg.

At three days, samples of expanding cement
proved to be sufficiently impermeable to water
under 8 atm. pressure.

It was found that gypsum-aluminous cement in

rich mortars of 1:2 and 1:2.5 (by weight) compo-
sitions and in concrete with 377 kg/m^ of cement
and a water-cement ratio of 0.45 is frost resistant;

in mortars and concretes of the consistency and

3 On the influence of temperature conditions on the stability of calcium
sulfoaluminate and sulfoferrite see P. P. Budnikov and V. S. Gorshkov.
Reports of Academy of Sciences of U.S.S.R., 1959, vol. 126, No. 2, p. 337.
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composition shovm it withstands over 200 cycles

of alternate freezing (at —17 to —22 °C) and
thawing for 16 hr in water at 17±3 °C.

Trial determinations of the adhesion to reinforc-

ing steel of concrete made with expanding cement
were undertaken by the method of pressing down
steel bars 14.4 mm in diameter and 125 mm in

length. The concretes tested had a wjc ratio=
0.60. The concrete cubes measures 100 X 100 X
100 mm. In the case of air curing the average
value of adhesion proved to be 64 kg/cm^, and in

the case of water curing, 40 kg/cm^.

The temperature rise during the hardening of

expanding cement does not influence its strength.

Tests showed that at 60-65° with alternate drying
and saturating with water the expanding cement
was stable.

Crushed granulated blast furnace slags when
mixed with water, as is known, possess very feeble

binding properties or do not possess them at all.

In order to call forth a reaction between slag and
water, an addition of an alkaline stimulator

is needed. The presence of an inconsiderable

amount of alkali is sufficient to establish on the

surface of slag particles an extensive formation of

hydrated products bringing about a binding and
hardening of granulated slag similar to cement.
An addition of sulfate to the slag in the presence

of an alkaline stimulator, as was demonstrated by
our investigations, intensifies the process of hydra-
tion and hardening [2, 8, 9, 10, 11].

When studying the phenomena taking place in

the liquid phase of hardening slag cement paste, we
found that CaSO*, whose content in cement as gyp-
sum amounted to about 20 percent, disappeared
from the liquid phase in 25-45 hr when the blast

furnace slag contained about 20 percent of AI2O3

and in 70-115 hr when the content of AI2O3
amounted to about 10 percent. When CaS04 is

present in the liquid phase, alumina does not ap-
pear in the solution or appears in quite inconsid-

erable amoimts. Alumina appears in the liquid

phase only after the disappearance of CaS04.
Simultaneously there takes place also an increase
of the calcium oxide content of the solution.

When finely divided basic granulated blast fur-

nace slag interacts with calcium sulfate (different

modifications) in the liquid phase in the presence
of a small amount of alkali, there form calcium
hydrosulfoaluminate SCaO-AlaOs-SCaSOi-SlHaO,
calcium hydroaluminate 2CaO-Al203-7ll20, and
calcium hydrosilicate of the composition 3CaO-
2Si02-aq. and, in the case of acid slag, calcium
hydrosulfoaluminate and calcium hydrosilicate
2CaO-Si02-aq. When the calcium oxide content
of the liquid phase is not high and there are pres-
ent large amounts of alumina in the slag, the
formation of 2CaO-Al203-7H20 is also possible.

The formation of calcium hydrosulfoaluminate
in sulfate-slag cement paste during mixing exhibits
also in this cement a positive action creating the
initial strength of the cement, and by its formation
there develops the process of formation of other
new compounds—calciiun hydroaluminates and

hydrosilicates—that stimulate a further growth of
the strength of cement paste.

The character of the hardening processes of
sulfate-slag cement depends on the concentration
of free lime in the solution, the presence of mag-
nesium hydroxide, and the amount of calcium
sulfate added.
An alkaline medium is necessary for the normal

hardening of sulfate-slag cements. In tliis respect
the best addition is magnesium hydroxide, wliich
corrodes the slag particles and thus communicates
to them an increased activity. Practically,

dolomite fired at 800-1100 °C is used for this

purpose [12, 13]. In the case of basic slag the
amount of lime introduced must be the least and
therefore the dolomite is fired at about 800-900 °C,
but in the case of acid slags it must be fired at
1,000-1,100 °C in order to attain also the de-
carbonation of calcium carbonate.*
The free lime from the dolomite in the latter

case is necessary to supply calcium hydroxide for

the reaction with the active silica of granulated
blast furnace slags taking place during the mixing
of the cement with water, leading to the formation
of calcium hydrosilicate [14, 15, 16].

For the fulfilment of this condition it is neces-
sary that not more than 3 percent of lime or about
7 percent of portland cement be present in the
mixture of crushed granulated blast furnace slag

and calcium sulfate, for calcium hydroxide is split

off by the slag in a very inconsiderable amount
and is quicldy absorbed to form calcium hydro-
sulfoaluminate. This mechanism is confirmed by
the experimentally established dependence of the
crushing strength of sulfate-slag cement paste on
the percentage of calcium oxide contained in the
liquid phase (fig. 7).

Curve 1 corresponds to the crushing strength
in kg/cm^ of standard samples after 7 days hard-
ening in water, curve 2 to that after 27 days under
the same conditions of hardening.
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Figure 7. Dependence of the crushing strength of sulfate-

slag cement paste on the percentage of calcium oxide present

in the liquid phase.

1 CaCOs of dolomite fired at about 800-900 °C is not only a mlcrofiller of

cement, but in the hydration process it can react with CjA witn the formation
of C3A CaC03 llH20, which promotes the increase of strength of sulfate-

slag cement (P. P. Budnikov, V. M. Kilbasov, A. S, Panteleev, Reports of

the Acad. Sci. U.S.S.R., 1959, v. 129, No. 5, 1104; Silikattechnik 1960, No. 6,

p. 271-272).
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Because the velocity of binding of calcium oxide
during the formation of calcium sulfoaluminate

and hydrosilicate exceeds the velocity of dissolu-

tion of calcium hydroxide, the concentration of

CaO in solutions decreases quickly, and the alumi-

nates, when dissolving, form the hydrosulfoalumi-
nate without swelling. As has been shown by our
investigations, a higher solubility of calcium
alumi nates is attained at a calcium oxide concen-
tration of 0.4-0.5 g/1 [17].

The rate of increase of strength of cement paste
depends on the chemical composition of the slag

and the potential energy supply—the faster the
molten blast furnace slag is cooled and the more
calcium oxide and alumina it contains, the greater

is the strength of sulfate-slag cement.
The chemistry of the hardening process of slag

cements is influenced by the composition of the

cement, its specific surface, the amount of water
added for mixing, and the temperature of the

medium.
In order to study the properties of sulfate-slag

cement, two slags were taken whose chemical
composition is shown in table 3.

Table 3. Chemical composition of granulated blast furnace
slags (in %)

Oxides
Slag samples

Oxides
Slag samples

I II I II

Si02 35. 21 36. 96 MnO 2. 56 2. 02
A1203 9. 35 20.20 FejOs 1.43 1.26

CaO 46. 41 34.10 SO3 2. 05 0. 32
MgO 2. 43 3. 45 S 0. 21

To form cements, slag I was ground with 5

percent of dolomite burnt at 800 °C and 5 percent
of anhydrite (gypsum burnt at 700 °C): and slag

II was ground with 7 percent of dolomite burnt at

1,100 °C and 5 percent of anhydrite.
The fineness of grinding of the cements: residue

on sieve 900 mesh/cm^—0.2-0.3 percent and on
sieve 4,900 mesh/cm^—6-7 percent. The setting

time of cement I: beginning 45 min, end, 1 hr
40 min; of II: beginning 2 hr 10 min, end, 3 hr
42 min.

In table 4 are shown the test data of the sulfate-

slag cements in rammed samples (7.07X7.07X7.07
cm) from a 1:3 mortar when stored in water.

Table 4. Crushing and tensile strength of
sidfate-slag cements (mortar 1:3), kgjcm^

Cement I Cement II
Age

Crushing Tensile Crushing Tensile

4 days 185 16.0 98 7.8
7 days 281 26.8 121 11.3
28 days 333 30.3 341 22.4
3 months 363 35.2 435 37.3
6 months 396 37.4 464 39.5
1 year 406 38.8 532 45,3
5 years 458 39.4
12 years 609 4L4

Wlien acid blast furnace slags with an increased
alumina content ^ was used, with 10 percent of
anhydrite and 10 percent of burnt (at 900 °C)
dolomite jointly ground, sulfate-slag cement was
obtained that had the following strength charac-
teristics in kg/cm^ (numerator—tensile strength,

denominator—crushing strength)

:

in 4 days 19.9/184
in 7 days 23.3/277
in 28 days 32.8/425
in 3 months 37.1/431.

Investigation data show that granulated blast

furnace slags can be successfully used to obtain
sulfate-slag cement of the 300-400 strength class

[18].

For plastic mortars the strength characteristics

of sulfate-slag cement are higher than for other
cements.

In the case of wet grinding of blast furnace slags

jointly with calcium sulfate or with 5 or 10 percent
of lime in a ball mill, as the investigations have
shown, a very plastic workable mass is obtained.

The trial of the cement obtained from a plastic-

consistency 1 : 3 mortar showed the possibility of

obtaining cement paste with a strength limit of

200 kg/cm^ and higher [19].

Based on investigations and factory practice,

there has been established the following approxi-

mate dependence of the quality of sulfate-slag

cement on the properties of the initial slag (table

5) [20].

Table 5. Influence of the properties of the initial

slag on the quality of sulfate-slag cement

Modulus Possible

Kind of MnO strength

slag class

Basic silicate

Percent
Basic >1 <3.0 <1.0 300-400

Basic >1 3. 0-4. 0 <1.5 200-300

Acid 0. 90-1. 0 <2. 0 <1.0 400-500

Acid . 75-0. 90 <2. 0 <3.0 250-300

Acid__. -- .70- .75 <2.0 <3.0 150-200

Sulfate-slag cement from granulated blast fur-

nace slags with an elevated index with an MnO
content of the order of 4 percent and higher has a

lowered strength.

One of the causes of the decrease of strength of

slag cements in the case of an increased MnO
content in granulated blast furnace slags is obvi-

ously the formation in acid slags of manganous
anorthite, MnO-Al203-2Si02, manganous cordierite

2MnO-2Al203-5Si02. and also the formation of a

solid solution 2CaO-Si02-2MnO-Si02 which is

characteristic of basic slags.

On the other hand, the negative part played by
MnO in blast furnace slags from manganous cast

iron, from the point of view of their hydraulicity,

is limited to an increase of waterproofness of vit-

reous slag matter.

5 Chemical composition of acid slags (in %): SiOa, 28.60; AI2O3, 24.93; CaO,
41.25; MgO, 2.19; MnO, 0.60; FeO, 1.64; SO3, 1.03.
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Manganese has a further negative influence

because the compound MnS present in granulated

blast furnace slags, increasing in volume when
interacting with water, creates inner stresses in the

hardening cement and in this way lowers its

strength.

Sulfate-slag cement is characterized by a high

resistance to the destructive action of sweet, sea,

and mineralized waters, considerably exceeding in

this respect portland cement, pozzolanic portland

cement, and slag-portland cement, and stands

near to aluminous cement. This valuable pecu-

liarity of sulfate-slag cement (clinkerless cement)
is provided by the chemical composition of the
cement and by the peculiar nature of the processes
and products of its hardening.

The evolution of heat on account ol' llie exo-
thermal processes taking place during tlu; setting
and at the beginning of the hardening of sulfate-
slag cement is considerably lower than in the case
of aluminous, portland, and slag-portland cements.
After 7 days of hardening of a normal mortar of
a stiff consistency, the heat evolved is 15-26 cal/g,

allowing this cement to be used successfuU}' in
massive concrete.
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Paper IV-S2. The Mineralogical Examination of Set Portland
Cement*

H. G. Midgley

Synopsis

The methods used for the mineralogical examination of set portland cement at the
Building Research Station are microscopy, differential thermal analysis, X-ray diffraction,
infrared absorption spectrometry, and electron microscopy and diffraction. By a com-
bination of the methods it is possible to get a semiquantitative estimate of the various
constituents of the cement paste of neat cements, mortars, and concretes. Differential
thermal analysis appears to be the most sensitive and most likely to give quantitative
results for the calcium silicate hydrate. The results so obtained are indicative that the
main calcium silicate hydrate formed is a gel-like phase related to tobermorite, probably
vifith a CaO:Si02 ratio greater than 1.5. The calcium aluminates formed are C4AH1 with
varying water content, ettringite solid solutions, and low-sulfate sulfoaluminate. There
seems some evidence that all these crystalline aluminates can be formed at any age and
that kinetic conditions such as CaO and SO3 concentrations at the C3A crystal face may
govern the phase produced.

Resume

Les m^thodes dont dispose la Building Research Station pour I'examen mindralogique
de la prise du ciment Portland sont la microscopic, I'analyse differentielle thermique, la
diffraction des rayons X, la spectrometrie d'absorption infra-rouge, et la diffraction et la

microscopic 61ectronique. En combinant ces methodes il est possible de faire une Evaluation
semi-quantitative des constituants varies de la pate de ciment des ciments purs, des
mortiers et batons. II semble que ATD est la methode la plus sensible et la plus susceptible
de donner des resultats quantitatifs pour I'hydrate de silicate de calcium. Les resultats
obtenus jusqu'a present indiquent que le principal hydrate de silicate de calcium forme est
une phase comparable a un gel semblable au tobermorite, avec un rapport de CaO: Si02
probablem.ent plus grand que 1.5. Les aluminates de calcium formes sont avec
une teneur en eau variable, ettringite, et le sulfo-aluminate avec une teneur plus basse en
sulfate. Certains faits semblent prouver que tous ces aluminates cristallins peuvent etre

formes a tout age et que les conditions cinetiques telles que les concentrations en CaO et

SO3 a la facette du cristal peuvent regir la phase produite.

Zusammenfassung

Die Methoden fiir die mineralogische Analyse des erstarrten Portlandzements, die in

der Building Research Station angewandt werden konnen, sind die Mikroskopie, die diffe-

rentielle Thermalanalyse, die Rontgenbeugungsbestimmungen, die Ultrarotabsorptionsspek-
trometrie, die Elektronenmikroskopie und die Elektronenbeugung. Durch eine Kom-
bination der Methoden ist man in der Lage, eine halbquantitative Abschatzung der
Bestandteile der Zementpaste des Purzements, des Mortels und des Betons vorzunehmen.
Die differentielle Thermalanalyse scheint die groBte Empfindlichkeit zu haben, sie gibt
wahrscheinlich die besten quantitativen Ergebnisse fiir Hydrate des Kalziumsilikats. Die
Ergebnisse, wie sie bis jetzt erhalten worden sind, besagen, daC das Haupthydrat des Kal-
ziumsilikat, welches sich formt, eine gelahnliche Phase ist, die mit Tobermorit verwandt
ist, und in der das Verhaltnis CaO:Si02 vermutlich grower als 1.5 ist. Die gebildeten
Kalziumaluminate sind C4AH1 mit verschiedenen Wassergehalten, Ettringit und der
gering sulfatige Sulfoaluminat. Vermutlich konnen sich alle diese kristallinen Aluminate
in jedem Alter bilden; die kinetischen Bedingungen, wie die CaO- und SOs-Konzentrationen
an der Kristalloberflache des C3A beeinflussen vermutlicherweise die gebildete Phase.

Introduction

The mineralogical method of examining set

Portland cement has a long and important history.
The use of the thin section and the petrographic
microscope was described by Parker and Hirst

\ who also extended the work of dye absorption
to help differentiate the cementitious phase,
called by them gel. About the same time Brown
and Carlson [2] carried out a very comprehensive
petrographic study of set portland cement pastes.

•Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the Building Research Station,
Department of Scientific and Industrial Research, Watford, England.

1 Figures m brackets indicate the literature references at the end of this
paper.

These two papers probably represent all the data
that may be obtained by such methods.

Alternative methods were now needed to

advance the knowledge of the mineralogy of set

portland cement. Ordinary powder X-raj^ diffrac-

tion analysis had not proved very successful.

Firstl}^, the cameras in normal use did not record

low angles, and secondly, the diffraction patterns

of any possible cement hydrate minerals were
swamped by the patterns of the still remaining
unhydrated cement minerals.

The next big step forward in technique for

mineralogical examination of set cements came
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from Kalousek, who with Davis and Schmertz [3]

in 1949 used the method of differential thermal
analysis (DTA) for the fii'st time. By this

method these workers were able to identify in

setting Portland cement pastes the minerals
ettringite, 3CaO-Al203-3CaS04-32H20, and Ca-
(0H)2. Although in the same paper they investi-

gated the thermograms given by synthetic calcium
silicate hydrates, they were unable to use the
DTA method to identify the calcium silicate

hydrate in set portland cement.
Although a considerable amount of data was

known [4-6] on the phase chemistry of the systems
CaO-SiO-H^O, CaO-AlzOa-HoO, and CaO-AloOs-
SO3-H2O, it was not until 1947 that the team
under Bernal began its work on the crystallography
of the minerals of the system CaO-Si02-H20.
This work, summarized by Bernal, Jeffery, and
Taylor [7] and Taylor and Heller [8], led to an
attempt to identify the calcium silicate hydrate
in set Portland cement. Nurse and Taylor [9]

reported X-ray diffraction data on a number of

set cements, indicating that the calcium silicate

hydrate present was of the tobermorite type.

The method of separation used was very involved
and tedious, involving elutriation and continuous
centrifuging in very large quantities of anhydrous
alcohol. Taylor [10] later made a separation
using only limited quantities of material and
centrifuging in bromoform-benzene mixtures. By
this method Taylor identified the calcium silicate

hydrate as CSH I or II.

Another important method of investigation

available is electron microscopy and diffraction,

and although a large amount of work has been
done on calcium silicate hydrates it is only
recently that attention has been paid to set port-

land cement pastes or mortars. Gille, et al. [11]

have investigated set portland cement pastes by
replica methods and have identified the plates of

calcium hydroxide. Grudemo [12], one of the

most important workers in this field, has recently

published pictures of calcium aluminate hydrate
and calcium silicate hydrate from set portland
cement pastes.

The other methods available for mineralogical

examination—infrared absorption analysis, nu-
clear-magnetic-resonance spectrometry and micro-
probe technique—so far have not been used
extensively to determine the mineralogy of set

Portland cements. Hunt [13] has given infrared

absorption spectra of some of the cemeat minerals,

and the author of this paper has used the method
extensively and reports the results here for the

first time.

Using the techniques described before, together

with a much more refined X-ray diffraction method
involving X-ray diffractometers instead of film

cameras, Turriziani [14] and Copeland, Kantro,
and Verbeck [15] have recently described the

mineralogy of set portland cements.
This paper sets out the methods and results

obtained in similar studies at the Building Re-
search Station.

Methods of Investigation

Microscopy

Reflection microscopy is not yet of great value in

investigating the mineralogy of set portland
cements, although the method is of some value in

determining the microhardness of the minerals.
The technique for preparing polished surfaces of

set Portland cements is under investigation, and a
method of preparing good surfaces has been
evolved. The method is simple—the section is

cut on a high speed, resin-bonded diamond wheel,
and the surface is then lapped on a similar diamond
high speed plate.

For thin-section work, the required section
should be as thin as possible; by the usual tech-
niques sections of about 30^ are possible, but by a
technique evolved by Smith [16] at the Building
Research Station sections of about lOju thickness
have been prepared. Farran [18] has used
microscopy in his investigations into the binding
of cement paste and aggregate, but he was not
able to deduce anything of the mineralogy of set

portland cement from the microscope.

X-ray Diffraction

X-ray diffraction methods have been used
extensively in the study of set portland cement

pastes, mortars, and concretes. Most of the work
has been done using cylindrical Debye-Scherrer
cameras of varying radii, but all capable of record-

ing at least 20A with copper K-alpha radiation.

More recently some work has been done using a

recording diffractometer. This latter method
gives greater resolution and gives a better idea of

quantities of identifiable minerals, but is not as

good as photographic techniques in differentiating

weak reflections from background.
An adjunct to X-ray diffraction identification

is the possibility of concentrating the cementitious

minerals. The method found most effective with
concretes and mortars is to crush the sample with
an iron pestle and mortar and sieve the fragments
first through a 14-mesh sieve; further crushing and
passing through a lOO-mesh sieve removes a con-

siderable quantity of the aggregate. This method
of course precludes the quantitative determination

of the cementitious minerals.

A fm-ther concentration of the cementitious

phases has also been attempted using the tech-

nique described by Taylor [10]. This involves

centrifuging of a benzene-ground sample in

appropriate bromoform-benzene mixtures to pro-

duce a light fraction in which the cementitious

hydrates are concentrated.
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Differential Thermal Analysis

The differential thermal analysis (DTA) of set

Portland cements has been carried out in an
apparatus especially designed for the purpose.

The furnaces are of nichrome winding capable of

reaching 1,000 °C; they are programed to give

better than 10/min ± 1 °C accuracy, the temper-
ature of the sample and the amplified difference

temperature between the sample and the inert

body are recorded on a 0-50 mv, potentiometric
recorder. The crucible and thermocouple setup
received special attention (figure 1). Tlie cruci-

bles used were ceramic (fired alpha alumina),

which were found to give better resolution than
metal crucibles. By using two thermocouples,
one in the sample and one in the inert body, a high

degree of symmetry was obtained. The thermo-
couples found to be best for this work were
chromel-alumel. Care was also taken to match
the heat properties of the sample and the inert

body. For most of the work about 0.7 g of sample
was used. By these methods it has been possible

to resolve the low-temperature endotherm around
120 °C into three peaks (figure 2). This resolu-

tion is repeatable, and full reliance can be given
to the resolution.

Infrared Absorption Spectrophotometry

For these investigations a commercial spec-

trometer, recording between 2.5- and 15-m wave-
length, was used.

Three methods of sample preparation were used.

In the first, about 10 mg of sample was pressed

with about 1 g of anhydrous KBr into a disc of

13-mm diameter by means of a vacuum press[17]

This method was successful for anhydrous min-
erals, but there appeared to be interfering chemical
reactions when hydrates were tried.

The second method was to mUl the sample with
an inert oil and make a thin film of the suspension
between sodium chloride plates. This method
gave good resolution but strong absorptions at

3.6, 7.0, and 7.4 m due to the oil interference with
the pattern.

The third method was to mill the sample with
isopropyl alcohol. A sample was pipetted onto
a NaCl disk and the alcohol allowed to evaporate.
This method gave very good resolution at wave-
lengths greater than 5 n, but owing to the specular
reflection due to the difference in retractive index
between the sample and air, there was a consider-
able absorption at less than 5 m- This reflection,

however, did not interfere with that part of the
spectrum (around 10 m) of most value in differ-

entiating between the different minerals.

Figure 1. DTA ceramic crucibles and holders showing two
symmetrically disposed thermocouples.

525°:

Ca(0H)2

»- Timpcealurc °C

Figure 2. Differential thermogram of set portland cement.

Experimental Results

Microscopy

With the advent of very thin sections pre-

pared by the Smith method, a new interest has

been aroused in thin-section microscopy. Sheaths

of isotropic gel have been seen around SCaO-SiOi
and 2CaO-Si02 grains, as is shown in figure 3.

These are taken to be reaction rims of what is

probably the calcium silicate hydrate gel phase.
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of this reflection [20], although DTA would be
more accurate. The low-sulfate sulfoaluminate
3CaO-Al203-CaS04-12H20 is detected by its reflec-

tion at 8.92A, and the carbonate-aluminate
3CaO Al203-CaC03 l2H20 can be detected by the
change in value of the reflection to 7. 59A. The
4CaO-Al203-aq. series [21] can be detected by their

reflection in the region of 8.05A. Calcium hy-
droxide and calcium carbonate are easily recog-
nized from their patterms.
Calcium silicate hydrates have not been identi-

fied by this method so far. The only strong
reflection for CSH I or II at 3.06A is very close

to the strong reflections of alite and calcite, so

that, if there is more than a trace of either of these

minerals, any possible CSH reflection is masked.
In counterdiffractometry the aluminate and

aluminate salt hydrates are detectable using the

same reflections as by film camera technique, but
it is also possible to make quantitative estimates

of the amounts.
Figure 4 is the trace given by a neat cement

paste 7 days old. The ettringite peak at 9.1

°2d id= d.7A) and the C4AH13 peak at 10.84 °2e

{d= 8.1SA) are clearly seen. Similarly, figure 5

is for a neat cement paste 3 years old. Here the

ettringite peak is seen again at 9.1 °2d and the

aluminate peak is spread between 10.4° and 11.0

°2d, suggesting that more than one hydration
state is present.

In both these samples no aggregate was used,

and great care was taken to keep CO2 away so

that the amount of calcium carbonate present is

very small. So in the case of the cement paste

3 yr old, which is fully hydrated, calcium silicate

33° 34" 35'' 36° 37° 36° 39° 40° 41'' 4Z° 43' 20

Figure 4. X-ray diffradometer trace of set portland cement, neat; w/c 0.4S-

Made 2/6/60; examined 8/6/60 (see figure 5 for key).

Figure 3. Photomicrograph of thin section of set portland

cement paste (normal ivater-cement ratio) showing rim of

calcium silicate hydrate gel around silicate grains.

X-Ray Diffraction

By film techniques it is possible to detect the

presence or absence of the unhydrated minerals;

the data used are those of Midgley [19]. Of^the hy-

drate minerals, ettringite (3CaO-Al203-3CaS04-aq.-
3CaO-Al203-3Ca(OH)2-aq.) can be detected by its

refiection at 9.8A, and the solid-solution com-
position can be detected by a change in the value
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Figure 5. X-ray diffracto meter trace of set portland cement, neat; w/c 0.45.

Made 10/4/57; examined 4/6/fiO. Key: E=Ettringite, M=C3A-CaSOj-13Il20, H'=Ca(0H)2, T=CSri, C=CaC03, .4 = C4AH^, S=/3CjS, Z, = Alite, Q = Quartz.

hydrate is detected hy the 3.06A reflection at

29.2 °2d (fig. 5). Even in this sample where
only a very small quantity of anhydrous silicate

;S-2CaO-Si02, is detected the peak size for the
CSH phase is disappointingly small.

The diffraction trace of the sample 7 days old
shows that the CSH phase is undetectable owing
to the presence of beta dicalcium silicate.

As the samples referred to above were stored
in C02-free atmospheres, there is no calcite

interference. In normal mortars and concretes
CO2 will not be absent, and figure 6 shows what
happens when a 1 :3 mortar is stored without
precautions. After 3 and 6 days water storage
the possible detection of CSH at 29.2 °2d {d=
3.06A) is masked by the ahte peak (L) at 29.55
°26 (f/= 3.03A). Prolonged storage in conditions
which would allow carbonation gives patterns
such as shown at 3 and 6 months. Here any
possible detection of CSH is masked by the very
strong calcite peak at 29.4 °2d (c?=3.04A).

Similar results are obtained from the cement
fraction extracted from a concrete, figure 7. The
concrete was from a roadway and was about 4
yr old. The diffraction pattern shows that
ettringite, Ca(0H)2, and calcite, together with
quartz from the aggregate, may be detected.

Taylor [10] has shown that a concentration
of the hydrate minerals is possible, but repeated
attempts by the author and some of his colleagues
have failed to repeat Taylor's results.

Recently, Fletcher [22] has modified the method
and made an extraction. The method is similar
to Taylor's but after grinding the cement in

benzene the suspension is put into a centrifuge

Figure 6. X-ray diffractometer trace of
from Portland cement tiwrlars.

1:3 standard sand; w/c 0.52 (see figure 5 for

35' 5i- 23

cement fraction

key).
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3+° 57° 40° 41° 42° 45° 2 9

Figure 7. X-ray diffTactometer trace of cement fraction from concrete.

(See figure 5 for key.)

Figure 8. X-ray diffractometer trace of set portland cement, neat; w/c 0.45.

Made 2/6/60; examined 8/6/60. Light fraction from bromoform-benzene S.G. 1-78 (see figure 5 for key).
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tube and drops of bromoform added until a

separation is effected. The light fraction contains

the concentration of hydrates. In the experiments
repDrted here the specific gravity of the liquid used

was 1.78, much lower than that used by Taylor.

These experiments seem to suggest that each
separation has to be taken on its own and a

suitable liquid density determined by trial and error.

A diffraction pattern obtained from such a

separation is given as figure 8. This sample is

the light fraction of the same cement as shown in

figure 3, a neat portland cement paste 7 days
old. The C4AH13 is considerably concentrated,

and to a lesser extent the ettringite and the

calcium hydroxide, but there does not appear to

be any concentration of the CSH phase. The
beta dicalcium silicate is reduced.

By X-ray methods it is therefore possible to

detect the calcium aluminate and aluminate salt

hydrates, Ca(0H)2, and CaCOa, and in favorable
circumstances the CSH phase may be just

identified.

Differential Thermal Analysis

The problems associated with the DTA of set

Portland cements are the interpretation of the
low-temperature endotherms, for, as can be seen

from figure 2, the endotherm is made up of three

peaks. The temperatures of the peaks on DTA's
are known to vary with quantity of mineral
present, and it has been suggested by various
authors, Keith and Tuttle [23] for example, that

the characteristic temperature of a DTA peak
should be the inflection point on the low-temper-
ature side of the peak. This point is found to

be consistent irrespective of amount. In the case
of multiple peaks such as those given by a set

Portland cement, the inflections of the second and
third peaks are not measurable, and the only
easily measured parameter is the peak temperature.

If the peak temperature is plotted against the
logarithm of the peak area, for reasonable dilu-

tions, a straight line is obtained. This plotting

has been done in figure 9 for the important con-
stituents likely to occur in a set portland cement.
The ettringite (pure end member 3CaO-Al203-
3CaS04-aq.), C4AH13, and C3A-CaS04-aq. were
prepared in the normal way. The free water
was ordinary distilled water added to alpha
alumina in the DTA crucible. (In all cases
reported in this paper, alpha alumina was used
as diluent.) The phase labeled tobermorite gel

caused some difficulty, for although the middle
of the three peaks in figure 2 was thought to be
due to a calcium silicate hydrate [24, 25], some
difficulty was experienced in preparing a synthetic
sample.

Calcium silicate hydrate I prepared by double
decomposition and by shaking silica sol with
Ca(0H)2 produced gels which contained very
large quantities of free water, giving peaks on
the DTA which agreed with the "free water" fine

on the graph. All attempts to dehydrate the

sample by drying at various humidities caused
the sample to crystallize and produce tobermorite
which was well crystallized, that is, gave good
basal spacings at about llA on an X-ray diffrac-

tion diagram.
The only sample of calcium silicate hydrate

which gave an endothermic peak anywhere near
the middle of the three endotherms found in set

Portland cement (fig. 2) was CSH II. The sample
was prepared by hydrating pure C3S for 2 yr in

a paste at room temperature. The sample was
analyzed for Ca(0H)2 and CaCOa by DTA and
thermogravimetry, and the remainder was as-

sumed to be calcium silicate hydrate of the
formula 1.77CaO-SiO2-3.00H2O. (CaO/Si02= 1.77).

The X-ray pattern is of a poorly crystallized

tobermorite type, reflections occurring only at

3.06, 2.98, and 1.83A. This mineral is equivalent
to the CSH II of Taylor [26] and the tobermorite
gel of Midgiey and Chopra [24, 25].

Using the results obtained from the pure
synthetic minerals and the graph in figure 9, it is

possible to interpret the DTA thermograms of set

Portland cements.
Figure 10 shows the interpretation of the DTA

thermogram given by a portland cement paste 14

days old. The scale of the curves given for the
pure substances has been adjusted so that the
peaks are of about the size of those given by the
minerals in set portland cement. From this

diagram it may be seen that free water, tober-

morite gel (CSH II), ettringite, and Ca(0H)2 may
be detected. (In these experiments no attempt
has been made to determine the ettringite com-
position by the method of Midgiey and Rosaman
[20].)
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Co (OHji

Table 1. Weight percent of cement hydrate minerals in a
hydrating 1:3 mortar, w/c 0.52

ETTRINGITE

SET PORTLAND CEMENT 4 DAYS OLD

100 200 300

-^-TEMPERATURE^ "c

400 500

Figure 10. Differential thermograms of set portland cement
and constituents.

A similar interpretation is shown in figure

11 for a Portland cement paste 1 yr old, where
tobermorite gel, ettringite, and low-sulfate sulfo-

aluminate are detected.
Now that it is possible to identify the peaks on

a DTA, some quantitative estimate of the minerals
present can be made by setting up calibration
curves for the DTA apparatus, relating peak area
to mass of mineral. This calibration has been
done for all the important constituents mentioned
so far. There is one serious difficulty not wholly
overcome; that there is no simple way of de-
termining the constituent parts of a triple peak.
The method used in this paper is to construct
graphically with reference to standard peaks the
two outside peaks (free water and ettringite)
giving the remainder as tobermorite gel. This
method, although not very precise, is the best
available at the moment, and has been employed
on a series of setting portland cements stored at
18 °C in water, with the results shown in table 1.

Age
Wt percent of

tobermorite ettringite Ca(0H)2

1 day 1 10 9
3 days 2 35 10
7 days 14 27 10

28 days 18 28 8

Ci A-Co S04-15 H,0

iOO 200

rEMPERATURE, °C

400

Figure 11. Differential thermogram showing presence of
CaA-CaSOi-lSHaO in set portland cement.

Infrared Absorption Spectroscopy

Absorption curves for all the compounds likely

to be met in set portland cement have been pre-

pared. These curves have been obtained for the
four main components of portland cement clinker,

C4AF, C3A, CoS, and C3S, shown in figure 12; for

gypsum, and heniihydrate, figure 13; and for quartz,

MgO, CaO, Ca(0H)2, and calcite, in figure 14. The
absorption spectrograms for some of the possible cal-

cium silicate hydrates—^Flint's CSH(A), C2S gamma
hydrate, C2S beta hydrate, and C2S alpha hy-
drate—are given in figure 15, C3SH2 and tober-

morite plus afwillite in figure 16, and crystalline

tobermorite and tobermorite gel in figure 17. The
spectra for the two important aluminate hydrates
are given in figure 18.

The data published here for the first time agree

well with the data of Hunt [13] given in his as yet

unpublished thesis.
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The absorption spectrum of a set portland

cement paste is given in figm-e 19. It is possible

to identify the contributions of the various min-
erals as follows:—unhydrated C3S by its peak at

10.5 ju; tobermorite gel by its peak at 10.0 n;

(ettringite by its peak at 9 /x, and also possibly calcite

from the peak at 11.3 m- The tobermorite peak
is distinguished from the other calcium silicate

hydrates by the simplicity of the peak at 10 n and
also by the presence of the double peak at 6.6

and 7.1 n. Both Hunt [13] and Kalousek and
Roy [27] have observed that the ratio of the peak
absorption at 7 m to that at 10 n is related to the

CaO:Si02 ratio of the tobermorite. Where the

7-n peak is almost equal to the 10-^ peak, the

CaO:Si02 ratio is highest.

The evidence from the absorption curve of set

Portland cement 4 days old is that the tobermorite
has a high CaO:Si02 ratio.

3 4 5 6 7 8 9 10 II 12 13 14 15

Hemihydral«

3 4 5 6 7 8 9 10 II 12 13 14 15

A MICRONS

Figure 13. Infrared absorption curves.
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Figure 15. Infrared absorption curves. Figure 16. Infrared absorption curves.
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Figure 19. Infrared absorption curve of set portland cement.
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Figure 17. Infrared absorption curves.
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Figure 18. Infrared absorption curves.

Mineralogy of Set Portland Cements

All the various methods of examining the set

Portland cement pastes seem to indicate that the
main calcium silicate hydrate formed is a gel-like

phase related to tobermorite, probably with a
CaO:Si02 ratio greater than 1.5; the calcium alu-

minates formed are C4AII-, with varying water,

ettringite, and low-sulfate sulfoaluminate. There
seems some evidence that all these crystalline

aluminates can be formed at any age, and that

kinetic conditions, such as CaO and SO3 concen-

trations at the C3A crystal surface, may govern
the phase formed.
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Discussion

H. Dutz

I will make a brief discussion of the very
interesting paper of Midgley.

In the infrared spectrum of calcium hydroxide
in figure 14, most of the sample must have con-
sisted of CaCOs. The absorption bands at 7, 11.4,

and 14 \i are typical of CaCOs. It is very dif-

ficult to get a calcium hydroxide free of carbonate.
Therefore, the relation of the absorption bands in

figure 19 based on that examination is partly

incorrect.

(Editor's note: The comments by Dr.-Ing. Dutz are applicable only to
the original version of the paper presented at the Symposium. The author
subsequently submitted a corrected copy of figure 14, in which a new absorp-
tion spectrurn for Ca(0H)2 was substituted.)
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Paper IV-S3. Nuclear Magnetic Resonance Study on Hardened
Cement Paste*

K. Watanabe and T. Sasaki

Synopsis

To study the hydration of cement and calcium silicate, the nuclear-magnetic-resonance
(NMR) absorption method was used. In measurement, samples were cooled from room to
liquid nitrogen temperature.

In NMR absorption curves of cement paste cured for 1 day, two peaks were observed
during cooling. The inner peak showed the same behavior as that obtained when free

water was cooled, and the outer one was similar to that of hydrate water. Further, in this

case the peak could be divided into three parts. It seems that these parts correspond to
free, adsorbed, and combined water, respectively.

The peak for free water decreased gradually with increase in curing period. In the
paste cured for 2 months, two peaks were not observed. This result seems to indicate
that the free water has almost disappeared.

The amount of combined water in the paste was determined by integration of the curve.
The results obtained were compared with those obtained by the method of Powers. It was
found that there are slight differences between these results.

The results obtained by measuring the water-vapor pressure of cement paste showed a
similar tendency to those obtained by NMR experiments.

Resume

Pour 6tudier I'hydratation du ciment et du silicate de calcium, la m^thode d'absorption
de la r6sonnance magn^tique nucl^aire (RMN) a 6t4 utilisee. Dans la mesure, des echantil-

lons furent refroidis de la temperature de laboratoire a celle de I'azote liquide.

Dans les courbes d'absorption RMN de la pate de ciment conserv6e pendant un jour,

deux maxima furent observ^es durant le refroidissement. Le maximum interieure indiquait
le meme comportement que celui obtenu dans le cas du refroidissement de I'eau libre, et le

maximum exterieure 6tait semblable a celle des hydrates. De plus, dans ce cas-ci on pent
diviser le maximum en trois parties. II semble que ces parties correspondent respective-
ment a I'eau libre, adsorb^e, et combin^e.

Le maximum pour I'eau libre diminuait peu a peu avec I'augmentation de la p^riode de
conservation. Dans la pate conservee pendant 2 mois, on ne pouvait pas observer les deux
maxima. II semble que Ton puisse attribuer ceci au fait que I'eau libre est alors presque
disparu.

De plus, la quantity d'eau combin^e dans la pate fut d^termin^e par I'int^gration de la

courbe. Les resultats obtenus furent compares a ceux obtenus par la m^thode de Powers.
On trouva qu'il y a de Idgeres differences entre ces resultats. Les resultats obtenus en
mesurant la tension de vapeur de la pate de ciment indiquaient une tendance semblable a
ceux obtenus par I'exp^rience RMN.

Zusammenfassung

In der Erforschung der Hydratation des Zements und des Kalziumsilikats wurde die

kernmagnetische Resonanzabsorptionsmethode benutzt. Wahrend der Messungen wurden
die Proben von Zimmertemperatur bis zur Temperatur des fliissigen Stickstoffs gekiihlt.

In den Resonanzabsorptionskurven der Zementpasten, die fiir einen Tag erhartet
worden waren, wurden zwei Extremalwerte wahrend der Abkiihlung gefunden. Das innere
Maximum war dasselbe wie das, welches erhalten wird, wenn freies Wasser abgekiihlt wird;
das auBere Maximum war dem des Hydrats sehr ahnlich. In diesem Falle zeigt das Maxi-
mum auch eine Feinstruktur; es besteht aus drei Teilen, die scheinbar bzw. dem freien, dem
adsorbierten und dem gebundenen Wasser zugeordnet werden konnen.

Das Maximum fiir freies Wasser bekam langsam kleiner, wenn die Erhartungszeit
verlangert wurde, und in Fasten, die fiir 2 Monate erhartet waren, wurden die beiden Maxima
nicht mehr beobachtet, was so erklart werden muC, da(5 das freie Wasser dann voUstandig
verschwunden ist.

Der Betrag des gebundenen Wassers in der Paste wurde auch durch Integration der
Kurve bestimmt. Die Ergebnisse, die man auf diese W"eise gewann, wurden mit denen
verglichen, die Powers veroflfentlicht hatte. Ein geringer Unterschied in den beiden Ergeb-
nissen wurde gefunden.

Die Ergebnisse der Dampfdruckmessungen der Zementpasten stimmten im groBen
Ganzen mit denen der kernmagnetischen Resonanzabsorption iiberein.

'Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from the Central Research Institute, Ube
Industries, Ltd., Ube-Shi, Yamaguchi-Ken, Japan.
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Introduction

Nuclear magnetic resonance (NMR) absorption

has recently been considered a useful method
for studying the properties of water. Kawachi,
Murakami, and Hirahara [1]^ reported that the

amount of combined water in set cement can be

' Figures in brackets indicate the literature references at the end of this

paper.

determined by analyzing the NMR curve, and
French and Warder [2] investigated the rate of
hydration of cement by measuring the amplitude
of the NMR curve. In these experiments, samples
were cooled from room to liquid nitrogen tempera-
ture. The results obtained were compared with
those obtained by the method of Powers [3].

Apparatus and Method

SPECTRO-
METER

, SAMPLE

MODULATION
AMP
T

PRE-
SELECTOR

MARKER
OSCILLATOR

LOCK-IN
AMP

30 CPS-

OSCILLATOR

Figure 1. Schematic diagram of NMR apparatus.

The apparatus used consists mainly of a

permanent magnet and a Pound-Watkins type

spectrometer [4] . The magnetic field is about 6,500
gauss, its liomogenity is 0.2 gauss/cm, and the
frequency at the middle point of measurement is

about 28 Mc. The schematic diagi-am and photo-
graph of the apparatus are shown, figures 1 and
2, respectively.

The experiment was performed by the sweeping
method of oscillation frequency. To cool the
sample, liquid nitrogen was used. First, the
change in the line-width of the absorption curve of

water during cooling was examined. Sub-
sequently, similar experiments were also made on
cement paste and calcium silicate hydrate. Some
of the results obtained have been reported pre-

viously [5].

Water

Distilled water containing a small amount of

liquid extracted from cement paste was used.

The line-width of the absorption curve of the

water down to about —80 °C is similar to that at

room temperature, but during further cooling,

the line-width broadens suddenly, becoming about
11 gauss at the liquid nitrogen temperature.



Cement

Experiments were made on cement pastes

(W/C=0.40) at various curing ages. Some of the
results obtained are shown in figures 3 and 4.

As shown in figure 3, the absorption curves of

cement paste cured for 1 day showed a sharp
curve at room temperature, and two peaks were
observed during cooling. These peaks broaden
during further cooling. The inner peak showed
behavior corresponding to that of free water,
and the outer one was similar to that of hydrate
water.

In this case, the peak can be divided into three
parts (A, B, and C) by the shape and line-width
of the NMR curve which indicates the degree of

binding of the water. The change in the line-

width of each part during cooling is shown in

figure 5. Parts A, B, and C of the NMR curve
represent free, weakly bound, and strongly
bound water, respectively, i.e., these parts cor-
respond to free, adsorbed, and combined water,
respectively.

The peak corresponding to free water decreased
gradually with the increase in curing period,
and in cement paste cured for 1 month only a
small peak of free water was observed. In the
paste cured for 2 months two peaks were observed
at about —20 °C, but not at —60 °C, and this

result seems to indicate that the free water has
almost disappeared, i.e., the water in paste
cured for more than 2 months consists mainly
of adsorbed and combined water.
The amount of combined water (part C) in

the pastes was determined by the integration of

TEMPERATURE (°C)

Figure 5. Change in line width of parts A, B, and C of
NMR curve.

the area of the C part of the curve. It was found
that the amount of combined water in cement
paste cured for 3 daj^s, 7 days, 1 month, and 6

months was 12.4, 15.2, 18.8, and 23.2 percent,

respectively.

On the other hand, the amounts of combined,
adsorbed, and free water obtained b}^ the method
of Powers [3] are: 3 days 9.2, 7 days 11.4, 1

month 15.9, 3 months 17.1; 3 da3-s 6.0, 7 days

7.9, 1 month 10.2, 3 months 11.1; 3 days 22.7,

7 days 19.3, 1 month 13.2, 3 months 11.3 percent,

respectively. In this case, the drjung of the

sample was done in an oven at 105 °C, and the

value of 3 Vm was adopted as that of adsorbed
water [6].
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CaS and Ca(0H)2

To C3S and Ca(0H)2, 40 percent by weight of

water was added, and after curing for 1 day,
NMR measurements were made on these pastes.

The curves obtained were similar to those of

cement paste cured for 1 day, but the line width
of these pastes was slightly lower than that of

cement paste. This seems to be due to the fact

that the proton-proton distance in cement paste

is narrowed by the effect of the coexistence of

other components. Furthermore, no sudden
increase in the line-width of C3S hydrate during
cooling was observed. It seems that water is

combined in many ways in C3S hydrate.

Measurement of Vapor Pressure

Measurements of the water-vapor pressure of

cement paste (W/C= 0.40) were made. It was
found that the results obtained showed a similar

tendency to those obtained by NMR.
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Paper IV-S4. Rate of Hydration of Cement Compounds and
Portland Cement Estimated by X-Ray Diffraction Analysis*

G. Yamaguchi, K. Takemoto, H. Uchikawa, and S. Takagi

Synopsis

The influence of gypsum on the rates of hydration of cement compounds and cement
was investigated by X-ray diffraction quantitative analysis. Calibration curves were pre-
pared from mixtures of standard ]VIg(0H)2, cement compounds or cement, and its completely
hydrated material. The probable total error for the rate of hydration was considered to be
smaller than 2 percent.

From the rates of hydration of C3S, ^-€28, C3A, C4AF, and the individuals in their
mixtures, determined on the pastes for the test of setting time, it was shown that the vigorous
hydration of C3A after mixing with water was depressed remarkably in the presence of
gypsum and Ca(0H)2 or Ca(0H)2 dissolved from C3S. The rates of hydration after 1 day
decreased in the order C3S, C3A, C4AF, and 0-C2S in the case of pastes mixed with 40 percent
of water. The hydration of C3S was accelerated at early ages by the addition of gypsum,
but was not accelerated at later ages by its addition in large quantity.

Vigorous hydration of the tricalcium aluminate phase in cement after mixing with water
was largely depressed by the addition of gj'psum. The degree of hydration of the minerals
in cement after 1 day decreased in the order alite, tricalcium aluminate, ferrite solid solution,

and belite in the case of pastes mixed with 50 percent of water. The hydration of alite in

cement after 1 day was accelerated by the addition of an optimum quantity of gypsum.

Resume

Par analyse quantitative de la difi'raction des rayons X on 6tudia I'influence du gypse
sur les vitesses d'hydratation du ciment et des composes du ciment. Des courbes d'6talon-
nage 6taient preparees a partir de melanges de Mg(0H)2 normal, de composes du ciment, ou
de ciment, et de ses materiaux completement hydrates. On considera que I'erreur totale

probable en ce qui concerne la vitesse d'hydratation 6tait inferieure a 2%.
D'apres les vitesses d'hydratation de C3S, /3-C2S, C3A, C^AF et des composes dans ses

melanges, determinees sur les pates pour rexp6rience sur la dur4e de la prise, on put voir que
la vigoureuse hydratation de C3A apres que le melange avec I'eau a eu lieu, diminuait de
fagon remarquable en presence de gypse et de Ca(0H)2 ou de Ca(0H)2 dissous provenant de
C3S. Les vitesses d'hydratation apres une journee indiquaient I'ordre de C3S, C3A, CjAF,
et 18-C2S dans le cas de pates melang6es a 40% d'eau. L'hydratation de C3S 6tait acceler6e
par I'addition de gypse, mais n'6tait pas acc616r6e plus tard par son addition en grande
quantity.

L'addition de gypse diminuait grandement la vigoureuse hydratation de la phase
d'aluminate tricalcique dans le ciment apres le melange avec I'eau. Le degre d'hydratation
des mindraux du ciment apres une journee indiquaient I'ordre suivant: alite, aluminate
tricalcique, solution solide de ferrite, et belite dans le cas de pates m41ang<!es a 50% d'eau.
L'hydratation de I'alite dans le ciment apres une journee 6tait acc616r6e par addition d'une
quantity optimum de gypse.

Zusammenfassung

Der EinfluC des Gipses auf die Hydratationsgeschwindigkeiten der Zementverbindungen
und des Zements wurde durch quantitative Rontgenbeugungsanalyse bestimmt. Eichkurven
wurden fiar Mischungen aus Mg(0H)2, Zementverbindungen oder Zement, und auch aus
vollstandig hydratisierten Materialien. Der wahrscheinliche Gesamtfehler fiir die Hydra-
tationsgeschwindigkeit ist vermutlich kleiner als 2%.

Aus den Hydratationsgeschwindigkeiten des C3S, des 13-C2S, des C3A, des C4AF und der
einzelnen Mischungsbestandteile, wie sie in den Fasten fiir die Abbindezeitpriifungen be-
stimmt wurden, wurde gefunden, dafi die lebhafte Hydratisierung des C3A nach dem Mischen
mit Wasser in der Gegenwart von Gips und Ca(0H)2, oder Ca(0H)2 welches aus C3S her-

ausgelost wurde, merklich zuriickging. Die Hydratationsgeschwindigkeiten nach einem
Tage konnen der GroBe nach als die Reihe C3S, C3A, CjAF, /3-C2S ausgedriickt werden,
wenn die Fasten mit 40% Wasser angemacht wurden. Die Hydratation des C3S wurde durch
die Gipsbeimischung beschleunigt, aber in alteren Mischungen konnte das nicht beobachtet
werden wenn viel Gips vorhanden war.

Die lebhafte Hydratation der Trikalziumaluminatphase in Zement nach der Wasser-
zumischung wurde durch eine Gipszugabe sehr heruntergesetzt. In den Mineralien des
Zements kann nach einem Tage der Hydratationsgrad durch die Reihe: Alit, Trikalzium-
aluminat, feste Ferritlosung, Belit ausgedriickt werden, wenn die Fasten mit 50% Wasser
angemacht worden sind. Die Alithydratation im Zement wurde nach einem Tag beschleu-
nigt, wenn gerade der richtige Betrag Gips verwendet wurde.

•Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from the Central Research Laboratory, Onoda
Cement Company, Ltd., Tokyo, Japan.
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Introduction

X-ray diffraction analysis as the method for

measuring the rate of hydration is more effective

than other methods, in that the individual

unhydrated components in the hydrated sample

can be estimated directly, regardless of the reac-

tion of hydration. At the present time, however,

the published data are very few, as mentioned by
the authors of the principal paper.

Tlic present authors have effectively applied
X-ray diffraction analysis to clarify the influence

of gypsum on the rates of hydration of cement
compounds [1] ^ and the minerals in cement [2]

during setting and hardening.

Method of X-ray Diffraction Analysis

The hydrated sample and the standard Mg
(0H)2 were carefully mixed and ground in an
agate mortar in a decarbonated desiccator until

their mean diameter reached 5m so as to avoid tlic

effects of preferred orientation of crystals and
microabsorption of X-rays. The conditions of

X-ray diffraction were selected after Klug and
Alexander's "Time Width" [3], and the mixing
ratios with standard Mg(0H)2 were chosen to

obtain nearly equal intensities for the sample and
the standard. Calibration curves were prepared
from the mixtures of standard Mg(0H)2, cement
compounds or cement, and its completely hydrated
material which was prepared by Brunauer's

method [4].

The lines for X-rav diffraction analysis were the

2.19 (319 etc.) and 1.77A(620)(620) lines (or

CsS [5]; the 1.89(231), 2.19(013), 2.79(130)(112)

(200) (112), and 2.88A(102) lines for /3-C2S [6];

the 1.907(800), 2.20(444), and 2.70A(440) lines

for C3A [7]; and the 2.646 (141) (200) and 1.930A
(202) liTics for C4AF [8]. In the case of the 1.930A
line for (y4AF tlie diagramatic determination was
used, l)ecause its calibration curve was not linear.

The lines used for cement were 1.77A for the alite

phase, 2.88A for the belitc phase, 2.70A for the
tricalcium aluminate phase, and 2.65A for the fer-

rite solid-solution phase.

The intensities of the lines were counted by the
Geiger-Miiller tube in the range of 20=1-2°, and
reduced by the value of background near the lines.

The source of X-ray was CuKa.
The difference between the values obtained for

the rate of hydration using the different lines for

the same compound was below the experimental
error which was obtained in the reproduction of

the specimen for X-ray diffraction. The probable
total error for the rate of hydration was considered
to be smaller than 2 percent.

Rate of Hydration of Cement Compounds

The compounds C3S, C3A, and C4AF were syn-
thesized pure, and /3-C2S was synthesized with 1

percent of CrjOa as mineralizer.

Rate of Early Hydration

In order to investigate the relation between the
rate of hydration and the setting phenomenon of

a cement compound, the setting time was tested

with a small specimen, and the rate of hydration
of its paste was determined by X-ray diffraction

analysis. Some of the results are shown in figures

1, 2, and 3.

The rate of early hydration of C3S after mixing
with water was small, regardless of the addition

of gypsum, and the pastes showed normal setting.

1 Figures in brackets indicate the literature references at the end of this

paper.
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Figure 1. Rate of early hydration of cement compounds.
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The rate of hydration was increased several per-

cent by the addition of gypsum.
The rate of early hydration of C3A was large at

3 min after mixing with water, regardless of the
addition of gypsum (20 percent as SO3), and the
pastes showed flash setting. The difference be-

tween the rates of hydration of C3A with and
without gypsum was not great. This result

showed that the vigorous hydration of C3A after

mixing with water was not depressed by the addi-
tion of gypsum, and that quick setting was caused
by the formation not only of calcium hydroalumi-
nate, but also of high-sulfate bacillus.

The rate of early hydration of C4AF was not as

large as that of C3A, regardless of the addition of

gypsum, and the pastes showed normal setting.

The rate of early hydration of C3A was decreased
by the addition of a large quantity of Ca(0H)2,
and this retardation was much more marked when
both Ca(0H)2 and gypsum were added.

In the case of the mixture of C3S and C3A, the
rate of early hydration of C3S was almost the same
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Figure 5. Effect of gypsum on rate of later hydration of
C3S-C3A mixture.

as that of C3S alone, regardless of the addition of

gypsum, but that of C3A was smaller than that of

C3A alone, and was further reduced by the addi-

tion of gypsum. The paste without gypsum
showed quick setting, and with gypsum showed
normal setting.

In the case of the mixture of /3-C2S and C3A,
the rate of early hydration of /8-C2S was very
small as was that of /8-C2S alone, and that of

C3A was large, as was that of C3A alone, regardless

of the addition of gypsum. The pastes with and
without gypsum both showed flash setting.

In the mixture of C4AF and C3S or /S-CjS, the

rates of hydration of these compounds were as

small as those of the individual components, re-

gardless of the addition of gypsum. The pastes

with and without gypsum showed mostly normal
setting.

The results above mentioned agreed with those

of Forsen [9] who has reported that the rate of

hydration of C3A in a large quantity of water is

decreased in saturated Ca(0H)2 solution and
further remarkably decreased in saturated Ca
(OH)2-CaS04 solution.

Rate of Later Hydration

The rates of hydration of cement compounds after

1 day were determined by X-ray diffraction

analysis on pastes mixed with 40 percent of water.

Some of the results are shown in figures 4 and 5.

The rates of hydration after 1 day decreased in

the order C3S, C3A, C4AF, and /3-C2S. Those of

C3A and C4AF were smaller than that of C3S,

and it seemed that the completion of hydration
of C3A and C4AF needed much more water.

Hydration of C3S after 1 da}^ was accelerated

by the addition of gypsum, especially at the

early ages. In the case of the mixture of C3S
(80 'parts) and C3A (20 parts), the addition of

gypsum ecpial to 2 percent of SO3 accelerated the

hydration of C3S up to 91 days, but the addition

oi' a larger quantity of gj^psum did so only at the

earlier ages.
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Rate of Hydration of Portland Cement

Three laboratory and two plant clinkers of

various chemical compositions were examined
with and without gypsum. In this review, the
representative results on a laboratory clinker

(G-3) low in CaO and high in AI2O3, and a plant
clinker (K-2) of the normal composition of Type
I are shown in figures 6 and 7. Their mineral
compositions are shown in table 1. The values
of the mineral compositions determined by X-ray
diffraction analysis in table 1 were not always
perfectly reliable. Therefore, at the present time,

the degrees of hydration of the individual minerals
in the clinker, not the rate of hydration of the
whole clinker, were to be considered.

Table 1. Mineral compositions of clinkers

Potential composition Determined by X-ray
diffraction analysis

No. Kind

C3S C2S CsA alite belite

trical-

cium
alumi-
nate

ferrite

solid
solu-

tion

K-2_- Plant clinker. _

%
49.5

%
30.2

%
8.8

%
9.4

%
48.3

%
31.9

%
12.2

%
8.9

a-3._ Laboratory
clinker

4.8 65.2 14.4 15.7 U. 1 59.2 23.2 10.6

ferrite 4oli(i 4elwUen

Time 6hrs.

^50

•|40

2

20

^-3 ainker.

9

1 1 on

0 3T«in, \M.

FiGUBE 6.

Time
5hrS.

^^pdm added, (S0^%

)

0
1.0

z.s

. jerritt 4olUd .Solution, ^ ^-0

0 Jd.5(ifl^. 28daij5.

Time

Degree of hydration of minerals in cement during
setting.

Figure 7. Degree of hydration of minerals in cement
during hardening.
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Degree of Hydration During Setting

The pastes for the test of setting time of cement
with or without gypsum were examined by X-ray
diffraction analysis.

The degree of hydration of tlie tricalcium

aluminate phase was the greatest of the four
minerals in clinker, reaching 10 to 30 percent at

3 min. after mixing with water. The largast value
was shown in the flash setting of clinker G-3
(low in CaO and high in AI2O3) without gypsum.
The degree of hydration of the tricalcium alumi-
nate phase was decreased markedly by the addition
of gypsum.
The degree of hydration of the ferrite solid-

solution phase was 8 to 20 percent at 3 min. after

mixing with water, and was decreased a little by
the addition of gypsum. The degree of hydration
of the alite phase was a few percent at 3 min.
after mixing with water, and about 10 percent
at 5 hr. The degree of hydration of the belite

phase was negligible.

It was concluded from the above results that

gypsum depressed the hydration of the tricalcium

aluminate phase in cement, and that this action

of gypsum needed the coexistence of Ca(0H)2
dissolved from the alite phase.

Degree of Hydration During Hardening

The hardened pastes of cement mixed with
50 percent of water, with or without gypsum, were
examined by X-ray diffraction analysis. The
strength of the cements was tested on 1 : 3 cement-
sand mortars; w/c= 50 percent.

The degree of hydration of the alile phase was
the greatest of the four minerals in clinker; it

reached 40 to 70 percent in 1 day, 80 to 100 peifcrit

in 28 days. That of the tricalcium aluminate
phase was next, 40 to 60 percent at 1 day, GO to

80 percent at 28 days, and 85 to 95 percent at 91

days. It was shown tluit the tricalciuin aluminate
phase hydrated very quickly after mixing with
water, but hydrated gradually at the later ages.

On the other hand, the alite phase liydrated
gi'adually after mixing with water, but had
hydrated almost completely at 28 days. The
degree of hydration of the ferrite solid-solution

phase was 20 to 40 percent at 1 day, 50 to 70
percent at 28 days, and 80 to 85 percent at 91

days.

The degree of hydration of the tricalcium
aluminate phase was much lower in cement with
gypsum than in cement without gypsum.

Except for clinker G-3, low in CaO and high
in AI2O3, i.e., low in the alite phase, cement mixed
with gypsum equal to 2.5 percent of SO3 showed
the maximum degree of hydration of the alite

phase and the maximum strength in four cements
mixed with gypsum equal to 0, 1.0, 2.5, and 5.0

percent of SO3. This result seemed to show that
the optimum content of gypsum was preferable
to develop the maximum strength by accelerating

the hydration of the alite phase, although the

strength development of the cement was con-

sidered to depend not only on the degree of

hydration of the alite phase but also on many other

factors.
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Paper IV-S5. Proton Magnetic Resonance in Hydrated Portland
Cements*

R. L. Blaine

Synopsis

Exploratory studies are reported of the proton magnetic resonance line widths and peak
signal amplitudes for a number of variously hydrated cements and cement compounds.
The results confirm the utility of the NMR techniques in the study of such materials. They
suggest that the water in the hydration products may not be present as water of crystalliza-

tion, but as adsorbed water. The peak signal amplitude of cements decreased with increasing
time of hydration and with removal of evaporable water. Different cements exhibited
different line widths in the fresh pastes. Hydrated cements frozen in liquid nitrogen indicated
greatly increased proton mobility with rising temperature.

Resume

On presente des etudes exploratoires des largeurs de la ligne de resonnance magnetique
du proton et des amplitudes de signal maximales pour plusieurs ciments hydratds et pour
plusieurs composes de ciment hydrates tous en manieres diverses. Les resultats confirment
I'utilite des techniques de la resonnance magnetique nucleaire (RMN) pour I'etude de tels

materiaux. Les resultats indiquent la possibilite que I'eau dans les produits d'hydratation
puisse exister non pas sous forme d'eau de cristallisation, mais sous forme d'eau adsorbee.
L'amplitude de signal maximale des ciments diminuait avec I'accroissement du temps
d'hydratation et avec I'enlevement d'eau evaporable. Les differents ciments presentaient
dans les pates fraiches differents largeurs de la ligne. Les ciments hydrates congeles dans
I'azote liquide indiquaient avec la croissance de la temperature une forte augmentation de la

mobilite du proton.

Zusammenfassung

Forschungsstudien (iber die Linienbreiten der Energieabsorption und die Signalschwin-
gungsweiten bei Protonresonanzfrequenz ftir eine Anzahl hydratisierte Zemente und Zement-
verbindungen sind berichtet. Die Ergebnisse bestatigen die Niitzlichkeit der Technik der
Protonresonanzfrequenz beim Studien solcher Materialien. Sie mogen andeuten, dass das
Wasser in diesen hydratisierten Produkten nicht als Kristallwasser, aber als adsorbiertes
Wasser vorhanden ist. Die Signalschwingungsweite der Zemente verminderte mit der
Zunahme der Hydratationszeit und mit der Abnahme des verdampfbaren Wassers.
Verschiedene Zemente haben in frischen Pasten verschiedene Linienbreiten aufgewiesen.
Hydratisierte Zemente, die im flussigen Stickstoff gefroren wurden, zeigten zunehmende
Protonbeweglichkeit mit steigender Temperatur.

Introduction

The principal compounds formed in the liydra-

tion of Portland and other hydraulic cements are
recognized to be, in addition to calcium hydroxide,
the hydrates of the calcium silicates and alumi-
nates. These hydrates are generally assumed to

be compounds formed with water of crystalli-

zation in more or less stoichiometric ratios.

In addition, water in excess of that required for

hydration remains within the structure as free

or adsorbed water. The colloidal nature of the
hydration products as well as the effect of minor
constituents have made it difficult to assess the
true nature of the compounds formed, and the
determination of the role of water in the hydration
products has been especially difficult.

Studies of adsorption of water vapor, nitrogen,
and other gases have indicated to some extent
the nature of the gel in the hydrated cement, and
electron microscopy has indicated that plate or
layerlike and lathlike hydration products are

*Fourtli International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the National Bureau of Standards,
Washington, D.C.,

formed. Electron diffraction has indicated that

these materials are crystalline although of very
small size.

Powers and Brownyard [1, 2]^ have distin-

guished between evaporable and nonevaporable

water. Drying experiments on hydrated cements
have indicated that although some of the water

is readily removed, some is apparenth^ more
closely bound and can only be removed after

weeks of evacuation at room temperature [3].

The apparent surface area of hydrated cement as

measured by water vapor increases as water is

removed, whereas the surface area, as measured
by nitrogen adsorbed at liquid nitrogen temper-

ature, has a much lower value than that obtained

by water vapor adsorption determination [3].

Tliis behavior has also been found with certain

other materials as diverse as montmorillonite [4]

and textile fibers [5].

Many techniques have been used in the study
of the nature of water in inorganic materials,

1 Figures in brackets indicate the literature references at the end of this

paper.
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among the most recent being the use of broad-
band nuclear-magnetic-resonance apparatus tuned
to the proton frequency (PMR). The technique
was originally developed independently by Bloch,
Hansen, and Packard [6], and Purcell, Torrey, and
Pound [7]. A comprehensive explanation of the
principles involved has been presented by Andrews
[8], Pake [9], and others.

The techniques of nuclear magnetic resonance
(NMR) were applied to studies on cement by
Kawachi, Murakami, and Herahara in 1955 [10].

The ratio of bound (crystal) water to free water
in the cements was noted by measuring tlie proton
resonance absorption as a function of time. The
authors reported that some crystal water occurred
even in the original cement powder. Comparisons
were made relating quantity of bound water with
mechanical properties.

In 1959, French and Warder [11] applied the
NMR method to a study of the rates of hydration
of cements and calcium sUicates. Test of line

width as a function of time after start of hydration
showed an altered line width expected from
hydration in only 3 of 9 cements. Other tests

were made with cements and calcium silicate

hydrates at liquid oxygen temperatures. It was
claimed that, at this temperature, no signal was
given by the frozen "free" water and that the
amplitude of the signal received was a measure of

the quantity of bound water. It was concluded
that the hydration of calcium silicates occurred in

steps with intervening latent periods. Progress
in hydration was dependent on temperature, the
range of 17 to 45 °C being studied.

In 1959 Pickett and Lemcoe [12] reported the
results of an NMR study on clay-water systems.
The value of this investigation to cement studies
lay in its demonstration of the utility of radio
frequency spectroscopy as an analytical tool in

research on silicate-water systems. Complete
quantitative data essential to the proper evalua-
tion of such parameters as bond type and bond
energy were not obtained. It was concluded, how-
ever, that measurements of the viscosity of the
liquid phase under various conditions, inferences

which could be drawn from the shape of the NMR
derivative curve, and plots of line width versus

water content should provide worthwhile contri-

butions to an understanding of the systems under
study.

Scope

The above investigations suggest the feasibility

of NMR techniques for the study of cements and
cement hydration products. The experience of

specialists in the field of radiofrequency spectros-

copy has shown, however, that results of depend-
able precision can be expected only from intensive
investigations embodying the most exacting refine-

ments in technique and equipment. It seems
advisable, therefore, that exploratory studies be
made to cover parts of the field with a qualitative

rather than quantitative objective. The present
investigation was initiated to contribute to that
objective.

Measurements of the energy absorption at or

near the proton resonance were made at room
temperature of hydrated cement compounds, of

cements hydrated both at normal temperature and
at 38 °C, as well as of cement pastes autoclaved
at 295 psi. The measurements were made after

various periods of hydration of the moist samples
and after drying by evacuation and after carbona-
tion. A limited study was made of the thawing
of water in a frozen sample of hydrated cement.
Typical derivative absorption curves are presented

as well as observed absorption line widths and
peak signal amplitudes.

Apparatus

In this work a Model 104 Schlumberger Nuclear
Magnetic Resonance Analyzer was used. This
apparatus, which has been described by Rubin
[13], is of the wide-band type and utilizes a 1720-
gauss permanent magnet with a 2 in gap between
the 10 in diameter pole faces. A sweep coil on the
magnet varies the field by amounts up to 20 gauss.
The sample, of approximate volume Iji in diam
and 2 in height, is held in a glass test tube and
inserted in a radiofrequency coil which in turn
lies between the pole pieces of the magnet.
The radiofrequency circuit has a fixed frequency
of 7.3 Mc/s which is the precession frequency of
hydrogen nuclei in tlie particular permanent
magnetic field used. As the hydrogen nuclei
shift from one of the two possible energy states to

the other, under the influence of the radiofrequency
energy, some of the latter is absorbed. This
energy absorption is measured. If the liydrogen
nuclei, or protons, are in a solid, and hence not
mobile, the magnetic field experienced by a par-

ticular proton will be that of the external field

modified by the fields of neighboring protons,

whereas if they are in a liquid, the motion of the

molecules is so rapid that the local magnetic
field is smoothed out to a small average value.

Different protons, depending upon the degree of

binding of their neighbors, are in resonance at

different values of the external magnetic field.

Therefore, as the magnetic field strength is con-

tinuously varied above and below the value Ho
of the permanent magnet by the sweep coil, an
absorption spectrum is obtained. The width of

the line produced by protons in a hquid is essenti-

ally only that due to inhomogeneity in the per-

manent magnet. The width of proton resonance

lines in nonliquid materials depends, among other

things, on the mobility of proton-containing

groups or molecules, such as H2O. Actually, the

instrument plots, witliin certain limitations to be

mentioned later, the derivative of the absorption

as a function of the external field strength in gauss.
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Figure 1 shows the absorption line for a hquid
containing protons and also the derivative curve
as plotted by the instrument. If the width of the
absorption line is defined as the width at maximum
slope, the liorizontal displacement between the

positive and negative peaks of the derivative
curve is a measure of the line width. In this

paper the term "line width" refers to the distance
"AH" as measured from the absorption curve.

absorption
of

r. f. energy

A

The area under the absorption curve is propor-
tional to the energy absorbed and hence to the
number of protons [9]. The peak value of the
derivative curve is related to this area and hence
is used to furnish a rougli estimate of the number
of protons involved. In this paper the term "peak
signal amplitude" refers to the distance "a" as

measured on the absorption curve for free or
relatively free water.

Figure 2 shows a possible absorption spectrum
and corresponding derivative curve for a sample
containing both protons in a solid and protons in a
liquid. The use of the derivative curve, which is

employed for the improvement of the signal-to-

noise ratio, has the additional advantage of sliow-

ing, through the location of the signal peaks, the
approximate widths of the superimposed absorp-
tion lines.

absorption

oi

T.t energy

hydrogen In

liquid

field strength.H
^'«"°'

amplitude

dA
dH

Figure 1. Curves showing NMR absorption
derivative of the absorption as a function, of
magnetic field strength for a simple material.

and the

external

Figure 2. Curves showing NMR absorption and the

derivative of the absorption as a function of external

magnetic field strength for a material containing hydrogen
in both the solid and the liquid state.

Materials

C3S, and C3A were prepared by pro-

cedures similar to those discussed by Bogue [14].

18-C2S was stabilized by addition of 0.4 percent
boric acid to the starting mixtm'e. Powder
X-ray patterns were in agreement with ASTM
patterns. The samples were pulverized to pass
a No. 200 sieve and then allowed to hydrate for

28 days at 38 °C.
The sample of gibbsite was a commercial

preparation. The boehmite sample was prepared
by autoclave treatment of gibbsite at 200 °C.
The hydrated alumina was prepared by heating
gibbsite in air at 240 °C, whereby the water con-
tent was reduced to about 0.8 mole per mole of

AI2O3.

The commercial cements used in this investiga-

tion were some of those previously studied [15].

These were samples of Types I, II, III, V, and a
Portland blast furnace slag cement. The average
chemical analyses and physical tests are presented
in table 1.

Table 1. Chemical analyses and physical properties of
cements

Cement number 2 5 6 7 10

Type I II IS III V

Si02 percent--
AI2O3- percent--

21.73
4. 95
2.88

61.90
3. 81

2. 79
0. 79
0.23
0. 30
1.00

21.24
5. 47
4. 76

61.98
2.42
1.92
1.38
0. 18
0.24
0. 59
0. 09
0.01
2. 66»

23.22
8. 13

2. 58
55. 35
3. 89
2. 43
2,63
0.53
0, 10

0. 25
0.64
0.59
2. 97 «

20.76
5.60
2.50

64.24
1.97
2.84
1.26
0.21
0. 15

0.76

23,48
3, 67
4.44

64. 39
0. 76
1.80
0. 76
0. 14

0.50
0.21

Fe203- -- percent--

MgO_ percent--
SO3 - - percent
Loss on ignition percent .

Insol. residue percent..
Na20- percent.

-

K2O-- .percent.
Mn203 percent--
Sulflde sulfur percent-
Initial set (GlUmore)..- hr..

Final set (Gillmore) .-hr..

Autoclave expansion. . .percent.

_

Air entrainment. .. ..percent .

Air-permeability fineness
cmVg..

Compressive strength 3rf-..psi--

Compressive strength 7d psi..

3. 45
5. 48
0. 13

8.5

3442
2848
3675

2.85
4.81
0.02
7.0

4588
2675 >>

4794 <:

4. 76
7.49
0.03
8.8

2949
2285
3389

0.03
9.8

3573
1889
2674

0.04
11.8

4564
2208
3645

» Vicat method. ^ 1 day. « 3 day.

The hydrated C2S, C3S, and C3A were pulverized

to pass a No. 20 sieve prior to making the measm-e-

503



ments. The neat hydraulic-cement pastes with 0.25

or 0.50 water/cement ratios (w/c) were made into

1 X 1 X 11-in bars, stored at 23 °C, 95 percent

RH, for 24 hr, and then ground to pass a No. 20

sieve. Powdered samples were used to facilitate

the removal of water by evacuation in later

measurements. Portions of those powders were
sealed into vials and stored at 23 °C until making
the measurement at 1, 3, 7, and 28 days. Other
portions were stored over water in sealed con-

tainers at 38 °C for 6 weeks. Some 1 X 1 X 11-in

bars were autoclaved at 295 psi steam pressure

for 3 hr. Some of the autoclaved specimens were

Measurement
Approximately 50-g samples of the powdered

hydrates were weighed to the nearest milligram,

placed in 1.35-in o.d. glass vials and compacted to

a depth of about 2 in. The vials were placed in

the rf coil between the magnets and a plot made of

the energy absorption, traversing in 4 min a field

strength 10 gauss above and below that normally
required for proton resonance of uncombined
water. Measurements were made of the line

width and of the peak signal amplitude.
To insure a closely approximate derivative

curve, the modulation amplitude employed was
less than one-fifth the line width in gauss in all

reported values for Ai7. However, to improve
the signal-to-noise ratio a higher modulation
amplitude was employed in determining the peak
signal amplitude even though this entailed some
sacrifice in the validity of the peak signal ampli-
tude as a linear measure of the total absorption.
Normally 3 to 5 determinations were made of the
total absorption curve, the line width values, and
the peak signal amplitude values on each of the
samples.

In the determination of the overall absorption
curve, a 20-gauss field strength was traversed,
whereas, in determination of the line width of

peaks near the resonance frequency, only 1 or 2

gauss were traversed in 4 min and, in determining
the peak signal amplitude, 10 gauss were traversed
in 30 sec.

The sensitivity selector was set at various
values when peak signal amplitudes were de-
termined, but for comparison purposes each value
of peak signal amplitude reported in the paper
has been corrected to the same arbitrary sensitivity.

The time constant was maintained at 1/30 of

the sweep time or less, a necessary requirement
for quantitative measurements with the instru-
ment used.

The derivative absorption curves presented
have been smoothed by eye to average out the
"noise" effect on the signal. The relative magni-
tude of the noise varied widely, depending upon
the sensitivity required to produce a usable signal.

Under the most unfavorable conditions reported
it is estimated that the signal-to-noise ratio at the
peak of the derivative curve for bound water was
of the order of 4 to 1, but in most cases it was
larger.
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ground to pass a No. 20 sieve, whereas measure-
ments on some of the specimens of suitable length
were made without grinding.

In another series of measurements, by 2-in

cylinders were made of the neat cement pastes of

normal consistency, cured for 28 days at 95 per-

cent relative humidity and then stored for 3

months in closed glass containers having relative

humidities of 93, 75, 53, and 33 percent main-
tained by concentrated salt solutions. Samples
of the cylinders were also evacuated for several

weeks at room temperature using a dry-ice trap
in the vacuum system.

Procedures

Oscillator crystals with frequencies of 7,300 and
7,325 kc/s were used to determine the sweep field

traversed per centimeter of recorder chart. The
calibration was further verified by using a pre-

cision gaussmeter.
Measurements were made at room temperature

of the moist samples both immediately after

mixing and after evacuation of the samples for

periods of about 2, 4, 8, 20, 40, 80, and 120 hr at

room temperature. The powdered samples were
spread in thin layers in beakers during evacuation.

After each evacuation the samples were replaced

in the vials, stoppered, and then weighed to

determine moisture loss. A few hours were al-

lowed after each evacuation to permit the samples
to approach equilibrium.

The nonevaporable water {W„) of the hydrated
materials was determined by the method de-

scribed by Copcland and Hayes [16] and the

CO2 content by methods described by Hunt and
coworkers [17].

For one series of determinations, the moist
hydrated cement powders were spread in thin

layers in beakers which were placed in a large,

open container. The samples were exposed to

concentrated CO2 gas for 3 weeks during the

drying process. They were stirred occasionally

in order to expose the powders as uniformly as

possible. PMR measurements were made on the

carbonated samples both before and after evacu-
ation to remove portions of the water.

Exploratory measurements were made of the

changes in energy absorption which occurred when
a sample of the pulverized hydrated cement,
frozen in liquid nitrogen, was permitted to warm
up in a Dewar in the apparatus. At the lower
temperatmes, the 20-gauss field-strength interval

was traversed in 2 min. After the pattern of the

curve changed, as the sample became warmer, a

5-gauss field was traversed in 2 min. Alternate
measurements were made of the energy absorption

and the temperature of the sample which was
determined by means of a copper-constantan
thermocouple.

It should be pointed out, however, that the

procedure employed gives no assurance that the

temperature measured is precisely that of the

portion of the sample actually responsible for the

narrow recorded line.



Results of Measurements

1. Cement Compounds

In figure 3 are presented the derivatives of the

absorption curves of C2S, C3S, and C3A after

hydrating for 28 days at 38 °C followed by partial

drying by evacuation for 24 hr. In figure 3 as in

figures 4, 5, 6, 7, and 13, Ho represents the mag-
netic field strength at which resonance would
occur with protons in free water.
The peak amplitude of the signals is dependent

on the number of protons in the sample and the
amplification used in each experiment. The
curves in figure 3 were obtained using the maxi-
mum signal amplification; two of the peaks near

Ho were off scale. Using a lower signal amplifica-

tion, such that the central peaks were within the

range of the chart recorder, resulted in correspond-
ingly smaller signal amplitudes in the other por-

tions of the curves. The predominant peaks in

the curves of the C2S and C3S hydrates indicate

small line-width values. The observed line widths
of the central peaks were 0.33 and 0.36 gauss
respectively after evacuation for 48 hr, using the

required instrument parameters. Similar un-
published absorption curves have been obtained
by the author for laminar clay minerals, such as

illites and montmorillonite with AiJ values ranging
from 0.3 to 0.7 gauss. Samples of tobermorite
and xonotlite which were evacuated and oven dried

at 110 °C exhibited curves similar to that obtained
from the hydrated C2S with no evidence of any
absorption other than that close to the resonance
condition for free water. The ^H values obtained
for tobermorite and xonotlite after drying 36
hr at 110 °C were 0.26 and 1.2 gauss respectively.

These values are, however, all significantly greater

than the value of 0.016 gauss obtained using dis-

tilled water. It may be noted also that the curve
for the C3S hydrate has shoulders with a A77 value
somewhat greater than 9 gauss. These shoulders

were not evident, however, with the curves ob-

tained for the C2S hydrate, the tobermorite or the

EVAC. 24 HR.

C3AX CaS^Jy

—-r^-—r—=^H— 1
^

-2 -4 -6 -8

+ 8 +6 +4 +2 Ho

L/^ ^CjS ^CjA

SWEEP FIELD, GAUSS

Figure 3. Derivatives of energ y-absorption curves obtained
with hydrated dicalcium and tricalcium silicates and with
tricalcium aluminate after evacuation for 24 hrs.

xonotlite, indicating that some additional reaction
product is present in the C3S hydrate.
The curve for evacuated C3A hydrate indicated

a AH value of 13.5 gauss with little evidence of

free water.
The curves obtained with gibbsite, boehmite,

and Al2O3-(0.8H2O) are presented in figure 4.

Whereas AH values of about 12 gauss were ob-
tained with the gibbsite and boehmite, the AH
value for Al2O3-(0.8H2O) was 6.8 gauss.

2. Hydraulic Cements

The curves obtained on hydraulic cements are

much more complex and difficult to interpret.

Typical curves, as obtained on cement No. 2,

mixed with the amount of water required for nor-
mal consistency and hydrated for 1, 3, 7, and 28
days as well as the curve of the autoclaved cement
paste, all powdered, and then dried at 110 °C
for 19 hr, are presented in figure 5. It may be
noted that the peaks near Ho, associated with free

or absorbed water, are prominent compared to

the shoulders and that the peak signal amplitude
increased with length of hydration. When these

sample were measured prior to drying using the

same amplification the peaks near Ho were off

the scale of the recorder. The same samples, oven
dried at 110 °C for 3 days, presented patterns as

shown in figure 6. Indicated on this chart by the

dotted line is the type of curve which may be
expected with a dry hydroxide or a compound with
water of crystallization. Some cements exhibited

greater peaks near Ho than others, but with the

drier samples it was not possible to determine the

line width of the central peaks or of the broad
peaks, because of the flatness of the curves.

The effect of carbonation of a hydrated cement
on the energy absorption is illustrated in figure 7.

The determinations on the two samples were made
using the same instrument parameters. The
curves illustrated are for the No. 5 cement, w/c

0.50, which had been hydrated at 38 °C for 6

SWEEP FIELD, GAUSS

Figure 4. Derivatives of energy-absorption curves obtained

with gibbsite , boehmite . . ., and AI.O3 -O-SH.O .
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weeks. The CO2 content of the carbonated h}--

drated cement was 19.7 percent. It may be noted

that the energy absorption in the 6- to 16-gauss

Ai? range was"^ greatly reduced by carbonation.

The decrease in signal amplitude of the shoulders

of the curve may indicate the removal of Ca(0H)2
from the hj^drated cement. The results obtained

with this cement were tj-pical of those obtained

with the other cements.

The peak signal amphtude of cement-water

pastes in sealed containers decreased with time

as indicated in figure 8 and presented in table 2.

However, there is no apparent relation between

the peak signal amphtude of the different pastes

and the strength of mortars made of these cements

nor with the chemical composition as presented

2

'28 d. EVAC. 19 HR.

Autocldved-^ ,7d.

/ / i\^ / 1 11

'id.

1 \

-2 -4 -6 -8

+8 +6 +4 + 2 Ho]

1

—

1 l^ij

^ //y /
ty^yy /
TC«^i/ /
111 'Ty-i— Autoclaved
1a// /

^28 d.

CT C 2

SWEEP FIELD, GAUSS

Figure 5 Derivatives of energy-absorption curves of cement

No. 2 hydrated for 1, 3, 7, and 28 days, and of this cement

autoclaved after one day moist curing.

All samples were dried for 19 hours at 110 °C before measurements -were

made.

SWEEP FIELD, GAUSS

Figure 7. Derivatives of energy-absorption curves of cement
No. 5 hydrated at 38° C for 6 weeks and evacuated for 110
hrs at room temperature , and for this same hydrated
cement after carbonation for 3 weeks .

in table 1. The results obtained on supersulfate

cement appeared to correspond fairly well with
those obtained on the portland and blast-furnace-

slag cements, except that the line widths of the

dried samples were somewhat greater than ob-

tained %vith the other cements. The line width
of the high-alumina cement was appreciably

greater than those obtained ^^'ith the portland

cements and the curves of the partially dried

hj'drated cement exhibited very little energj^

absorption near the resonance condition for free

water. The peak signal amplitude of moist
pastes made of cements 5 and 7 ^Ai\x two water-
cement ratios and different curing conditions (see

table 2) were plotted against the nonevaporable
in

3_
^Autoclaved

OVEN DRY
CT. It Z

>i, -2 -4 -6 -8

\ 7 —

<
z
o

SWEEP FIELD, GflUSS

Figure 6. Derivatives of energy-absorption curves of cement
No. 2 hydrated for 1, 3, and 7 days, and of this cement auto-

claved after one day moist curing.
All samples -svere dried for 3 days at 110 °C before measurements were made

.

13 7 28

AGE, DAYS

Figure 8. Peak signal amplitudes of moist samples of

cements hydrated at room temperature for various ages.
ss= supersulfate cement; AL= high-alumina cement.
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Table 2. Nonevaporable water content, peak signal amplitude per gram oj water, and line widths of rnoisl neat cemenls
cured for various periods and at different temperatures

Also presented are the line widths of these cements after removal of most of the readily evaporable water

Moist samples

Cement
number w/e

Curing
temp. Age CO2 W„

Sample
weight Cement t Water ^

Peak signal
amplitude
per g water

Absorption
line width

Absorption
line width

°C days % % g g g mm gauss gauss
/ 0.25 23 1 69.1 47.3 11.8 105 1.0 1.6 8.0

.25 23 3 58.0 46. 4 11.6 96 0.9 1.6 7.3

.25 23 7 62.6 50.

1

12.5 93 1.

1

1.6 6.6
2 .26 23 28 0.5 9.6 63.0 50.4 12.6 87 1.0 1.6 __.

.25 38 42 .5 13.3 50.8 39.

1

11.7 114 0. 85 1.6
.50 38 42 .5 16.5 50.0 34.2 15.8 169 .49 1.

1

. 25 67 2 63 n 7 a Qu. / 0. 0

f
0.25 23 1 0. 6 6.1 51.8 41.4 10.4 280 0. 25 0.56
.25 23 3 .4 8.4 51.8 41.4 10.4 208 .27 .67
.25 23 7 .5 9.4 52.2 41.8 10.6 186 .29 .70
.25 23 28 .3 11. 1 52.4 41.9 10.5 164 .33 .76
.25 {295psi)'> .4 11. 8 52.3 .24 .86 4.0

5 .25 38 42 .4 12.7 50.3 39.3 11.0 180 .31 .83
. 50 38 42 5 16 7 44 3 30 6 13. 8 235 24 86
!50 23 1 .5 6^8 50^2 33^6 16!7 487 ] 12 !47
.50 23 3 .4 9.5 50.0 33.4 16.7 399 . 14 .57
.50 23 7 . 5 12.2 49.4 33.0 16.5 358 .15 .56

I .50 23 28 .5 14.3 49.7 33.2 16.6 308 . 19 . 72

1 0.25 23 1 3.1 4.

1

51.8 41.4 10.4 150 0. 66 1.3
.25 23 3 3.0 6.4 52.0 41.6 10.4 106 .81 1.6
.25 23 7 3.1 7.5 52.3 41.9 10.5 92 .93 1.5

6 .25 23 28 2.2 9.8 52.

1

41.7 10.4 90 .86 1.5
.25 (295psi)» 2.5 10.5 51.7 1.3
.25 38 42 3.2 11.4 60.8 39.0 11.8 99 .79 1.4
50 38 42 4 0 14 1 49 9 34 0 15 9 141 50 1 4

f 0.25 23 1 0.6 8.9 62.7 42.2 10.6 145 0. 63 1.0
.25 23 3 .5 10.0 52.3 41.9 10.5 135 .62 1.3
.25 23 7 .5 10.5 51.8 41.4 10.4 128 .65 1.1

.25 23 28 .4 11.9 52.4 41.9 10. 6 114 .63 1.0

.25 (295psi)» .4 9.9 51.8 1.0
7 { .25 38 42 .6 16. 5 60.6 38.1 12.6 157 .38 0.90

50 38 42 1 0 20 9 50 2 33 4 16 8 220 30 81

!50 23 1 0^6 m5 49^9 33^3 16^6 305 ^24 .'67

.50 23 3 .6 15.4 50.3 33.5 16.8 239 .29 .68

.50 23 7 .4 18.4 49.9 33.3 16.6 224 .31 .68
(. .50 23 28 .5 19.2 50.7 33.8 16.9 208 .33 .79

/ 0.25 23 1 0.4 5. 7 61.7 41.3 10.3 221 0. 42 0. 87

.25 23 3 .3 8.6 51.4 41.2 10..3 164 .56 1. 14

1 . 25 23 7 . 3 9. 8 51. 8 41. 4 10.4 142 . 63 1. 00
10 ( .25 23 28 .3 11.0 52.3 41.8 10. 5 126 .63 0. 87

.25 (295psi)

»

.3 6.9 51.8 .88
.25 38 42 .7 12.3 60.3 39.6 10.7 159 .39 .90

\ .50 38 42 .6 16.3 50.

1

34.5 15.7 236 .24 .76

( 0.25 23 3 5.3 62.

1

41. 7 10.4 120 1.18 1.96
Super sulfate \ .25 23 7 0.5 6.0 53.3 41.9 10.7 112 1.24 2. 06

( .25 (295psi)» 8.2 50.6 1.54

High alumina r 0.25
\ .25

23

23
3

7

52.4
62.4

41.9
42.0

10.6
10.5

13

13

.5.8

6.6
7.3
7.2

Dry
samples "

« Autoclave steam pressure.
t" For specimens stored at 38 ° C values were computed from ignition loss, others were computed from proportions as mixed.
" Evacuated at room temperature 80 to 100 hr.

water of those pastes (table 2) after the various
periods of hydration and are presented in figure 9.

There appears to be a fairly straight-line relation

between the peak signal amplitude and the non-
evaporable water for each of the cements for each
water-cement ratio used for the pastes stored at
23° C. Also it is noted that in the case of both
cements the curves for the two water-cement ratios

were approximately parallel, but that slopes for

the two cements were different. Cement pastes
made with a w/c ratio of 0.25 and cured at 38 °C
for 6 weeks did not fall on the lines drawn through
the corresponding values for the cements cured at

23 °C, but those with water-cement ratio of

0.50 did.

By comparing figures 5 and 6 it may be noted
that removal of water from the hydrated pastes

resulted in a decrease in the peak signal amplitude.

The decrease in peak signal amplitude with
removal of water from the five cements hj-di'ated

at 38 °C for 6 weeks is shown in figure 10. The
individually determined values are indicated only
for cement 7 made with the 0.25 w/c and the 0.50

w/c. With the other cements, the determined
values were also close to the straight lines drawn
through them. The gram-weight of water in the

samples was in each instance based on the ignited

weight of the hydrated cement.
The actual amount of cement (ignited basis)

in the sample vial for cement no. 7 was 38.06 g
for the 0.25 w/c paste and 33.37 g for the 0.50

w/c paste. From the W„ values (nonevaporable
water) determined for these pastes it was calcu-

lated that the quantities of water in the samples
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14 16 18 20 22

Wn.NON-EVAPORABLE WATER, IGNITED BASIS

PERCENT BY WEIGHT

Figure 9. Peak signal amplitude of moist samples of
cement Nos. 5 and 7 of different waterjcement ratios hydrated
for 1, 3, 7, and 28 days at 25 °Cand at 38 °C for 6 weeks
versus the nonevaporable water content.

Age, daysCt. 7 Ct. 5 w/c Storage

o
®

0. 25 23 "C
IS 0.50 23 °C
V A 0. 25 38 °C

0.50 38 °C

as indicated
as indicated

42
42

S2
(/)

<
hi
a.

6 8 10 12 14

g WATER IN SAMPLE

16 18

Figure 10. Peak signal amplitudes of different cements
hydrated at 38 °C for 6 weeks versus grams of water in
sample containers after evacuation for various periods.

The water content was computed from the ignition loss of the hydrated
cements. Plotted points refer to cement No. 7; O, w/c=0.50; ®, w/c=0.25.

at that degree of desiccation woidd be 6.3 and 7.0 g
respectively, somewhat less than those for the
lowest points on the graph. Similarly, for the
other cements, the desiccation was not continued
to the moisture content corresponding to the
Wn values.

As the free or readily evaporable water is re-

moved from hydrated cement, there is an absorp-
tion-line broadening as indicated in figure 11. If

extrapolated to the respective Wn values of these
cement hydrates the line widths would range from
1 to 2 gauss. It appears from this graph that
the values for Ai7 are different for different

cements and for the same cements made with
different water-cement ratios.

Different cements also exhibit different line-

width values immediately after mixing with water
as the following table indicates

:

Cement No. w/c Line width

gauss
2 0.50 0.7
2 .40 .7

2 .33 .8

5 .30 .1

6 .30 .6

7 .30 .3

10 .26 .2

10 .30 .2

It therefore appears that other factors or minor
constituents in the solutions present may contrib-

ute greatly to the Ai? values obtained for the

cement hydrates.

The Yi X 2-in neat cement cylinders cured for

28 days and then stored at different relative

humidities for 3 months exhibited lower peak
signal amplitude and ignition loss values the

lower the relative humidity. This relationship is

indicated in table 3 and illustrated in figure 12.

There was in most instances no very significant

change in either line width or peak signal-ampli-

tude-per-gram-of-water value at relative humidites

greater than 33 percent. However, the evacuated
samples indicated larger Ai7 values in every

instance, than those stored at relative humidities

of 33 percent or greater. It was noted that speci-

mens stored at the 33 percent relative humidity
exhibited very large peaks on the curve near the

resonance condition for free water, indicating

that a large number of mobile protons can be
present in hydrated cement at normal atmospheric
humidities. This factor may account for the

continued hydration of cement and gain in

strength under relatively dry conditions.

CO
CO
=)
<

X
I-Q

UJ

2.0

0.4 -

WATER, PERCENTAGE BY WEIGHT
OF CEMENT

Figure 11. Line widths of different cements hydrated for

28 days at 23 °C and evacuated to different moisture con-

tents versus the water content expressed as percentage by

weight of cement.

Cement pastes were made with a w/c of 0.25 except cements 5' and 7' which
were made with a w/c of 0.50. The cement numbers are indicated on the

chart.
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The derivative curves obtained with most of

the cements, hydrated in the autoclave at 295 psi

steam pressure wore similar to those obtained
under normal curing conditions as shown in

figure 5. Other autoclaved cements, such as No. 5,

presented an additional pair of peaks with a line

width of about 4 gauss, as shown in figure 13.

Differential thermal analysis curves of these oven-
dried samples are presented in figure 14. Whereas
the endothermic peak at about 550 °C appears
normal for most of the hydrated cements studied,

the endothermic peak at 470 °C was observed on
the DTA curves only on those autoclaved cements
which exhibited the 4-gauss line \\4dth on PMR
curves.

A hydrated cement with 0.25 w/c which was
frozen in liquid nitrogen in a Dewar and permitted
to thaw in the apparatus indicated a line width of

10.6 gauss up to a temperature of about —70 °C.
Between —70 and —50 °C the curve changed, a
second peak of approximately 1.4-gauss width
appearing. The peak signal amplitude of this

narrow peak increased as the temperature rose

further. As mentioned earlier the temperature
measiired may be somewhat different from that
of the portion of the sample actually responsible

for the narrow line.

Table 3. Peak-signal-amplitude and line-width values o/ X 2-in neat cement cylinders after storage at different relative

humidities

Cement
number

Water/
cement
ratio

Relative
humidity

Weight
of sample

Ignition
loss

Peak
signal

amplitude

Peak
signal

amplitude
per gram
water

Line
niath
(AIT)

percent a percent cm cm gaws
1 0.25 93 43.0 21.2 78 8.5 1.2

.25 75 42.7 27.6 77 6.5 1.2

2 \ .25 53 42.0 19.4 68 8.3 1.2

.25 33 42.0 19.4 65 8.0 1.3

I .25 0 38.5 11.5 19 4.4 1.5

I 0.25 93 42.5 20.4 137 15.8 0.40
.25 75 42.7 20.5 143 16.3 .44

5
I

.25 53 42.5 19.3 130 15.9 .40

.25 33 41.6 18.6 119 15.4 .40

I .25 0 38.8 11.7 27 5.9 1.

1

r 0.27 93 39.9 22.5 65 7.2 1.2

.27 75 34.4 21.7 68 8.0 1.1

6 i .27 53 39.1 21.0 62 7.5 1.1

.27 33 39.6 20.0 62 7.8 1.1

I .-27 0 36.3 12.9 19 4.0 1.7

I 0.28 93 41. 9 23.6 120 12.2 0.66
.28 75 41.7 22.6 121 12.8 .62

7 \ .28 53 40.7 21.5 108 12.4 .62

.28 33 41.3 21.0 100 11.6 .66

I .28 0 37.6 13.6 27 5.4 1.2

f 0.50 93 35. 4 30.3 157 14.6 0. 75

.50 75 35.0 31.6 127 11.5 .82

2 I .50 53 31.9 25.

1

91 11.3 .92

.50 33 30.

1

24.3 82 11.2 .85

I .50 0 28.2 14.9 18 4.3 1.5

1 0.50 93 35.

1

31.6 313 28.2 0.20

.50 75 33.0 26.6 214 24.5 .26

5 \ .50 53 30.9 23.0 134 15.2 .31

.50 33 30.6 22.0 116 17.3 .31

I .50 0 27.8 13.5 20 5.2 1.2

1 0.50 93 34.8 33.6 149 12.8 0. 71

.50 75 31.4 31.6 134 13.5 .71

6 i .50 53 31.8 28.7 104 11.4 .81

.50 33 31.6 27.7 98 11.2 .78

I .50 0 26.8 16.2 16 3.5 1.5

IG. LOSS, PERCENT

Figure 12. Peak signal amplitude of cements 2 and o versus

ignition loss of }'2 X 2-in cylinders stored at various relative

humidities for 3 months.

O Cement 2 w/c 0.50; ® Cement 2 w-/c 0.25; A Cement 5 w/c 0.50; A Ce-
ment 5 w/c 0.25.
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Summary

Exploratory studies were made at room tem-
peratm-e of the proton magnetic resonance line

widths of hydrated cement compounds and of

commercial hydraulic cements made with different

water-cement ratios and hydrated at different

temperatures.
The hydrated dicalcium silicate as well as

tobermorite and xonotlite exhibited line widths
in the range of 0.33 to 1.2 gauss with no apparent
signal in the range of broad widths. Similar

values for line widths have previously been
obtained for laminar clays such as montmorillonite
and illite. These results appear to suggest that
the water in the hydration products may not be
present as water of crystallization, but as adsorbed
water, although further work is needed to confirm
this conclusion. The predominant energy absorp-
tion of the hydrated tricalcium silicate exhibited

a line width of 0.36 gauss with less absorption in

the 10-gauss line-width range. The line-width
values of hydrated tricalcium aluminate, gibbsite,

and boehmite were in the 12- to 13-gauss range,
whereas, A1203- (O.8H2O) exhibited a line width of

less than 7 gauss.
The curves of hydrated cements exhibited

strong absorption near the resonance magnetic
field associated with adsorbed water together
with some absorption in the 10-gauss range. The
absorption in the 10-gauss range, normally asso-

ciated with water of crystallization or hydroxides,
was greatly reduced by carbonation of the
hydrated cement.
The peak signal amplitude of cements sealed

in vials decreased with time of hydration. How-
ever, characteristic amplitudes were obtained for

each cement indicating either a difference in

bonding of the water to the cement particles or
the effect of minor constituents. The signal

amplitude of any cement mixed with water
appeared to be related to the non-evaporable

water content of that cement, but diflFerent ce-

ments and different water-cement ratios resulted

in different curves.

The }2X2-in. specimens stored for 3 months at

a relative humidity of 33 percent or higher gave
curves which suggest the possibility that most of

the protons present were highly mobile and were
not bonded as water of crystallization.

Some autoclaved neat cement pastes exhibited

curves which were different from those obtained
with other autoclaved cements or from those
hydrated at normal temperatures. The auto-
claved cement pastes which exhibited a line width
in the 4-gauss range also had an endothermic
peak at about 470 °C in differential thermal anal-

ysis measurements.
A hydrated cement frozen in liquid nitrogen

exhibited a line width of 10.6 gauss up to tempera-
tures, as measured by our procedure, of about
— 70 °C and a line width of only 1.5 gauss when
the sample attained a temperature, as similarly

measured, of —50 °C.
It is not intended that the data presented shall

be construed as final quantitative evaluation of

parameters involving the structure or the hy-
drogen bonding in hydrated cements or cement
compounds. It is concluded that the study
confirms the utility of the NMR techniques for

better understanding of these materials.

Appreciation is expressed to Dr. George L.

Kalousek of Owens-Corning Fiberglass Corpora-
tion for samples of tobermorite and xonotlite,

and to various members of the National Bureau
of Standards including C. M. Hunt and A. Woolf
for preparation of C2S, C3S, and C3A hydrates

and determining nonevaporable water contents;
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to E. T. Carlson for samples of gibbsite, boehmite,
and AI2O3 O.8H2O; to M. R. DeFore and E.
Trattner for preparation of cement samples; to

E. S. Newman for differential thermal analyses

and to others who have assisted in pcrfonnin^^ the
measurements.

References

[1] T. C. Powers and T. L. Brownyard, Proc. ACI
43: 101, 249, 469, 549, 669, 845, 933 (1946) and
Portland Cement Association Bull. No. 22.

[2] T. C. Powers, Bull. ASTM No. 158 (May 1949) and
Portland Cement Association Bull. No. 29.

[3] L. A. Tomes, C. M. Hunt, and R. L. Blaine, J.

Research NBS 59, 357, RP2806 (1957).

[4] S. B. Hendricks, R. A. Nelson, and L. T. Alexander,
J. Am. Chem. Soc. 62, 1457 (1940).

[5] J. W. Rowen and R. L. Blaine, Ind. Eng. Chem. 39,
1659 (1947).

[6] R. Bloch, W. W. Hansen, and M. F. Packard, Phys.
Rev. 70, 474 (1946).

[7] E. M. Purcell, H. C. Torrey, and R. V. Pound, Phys.
Rev. 69, 37 (1946).

[8] E. R. Andrews, Nuclear Magnetic Resonance, Cam-
bridge Univ. Press (1956).

[9] G. E. Pake, Am. J. of Phys. 18, 438, 473 (1950).

[10] K. Kawachi, M. Murakami, and E. Herahara, Bull.

Fac. Eng. Hiroshima Univ. 4, 95 (1955).
[11] G. M. French and J. F. Warder, J. Appl. Chem. 9,

561 (Nov. 1959).

[12] A. G. Pickett and M. M. Lcmcoe, J. Geophys.
Research 64, 1579 (1959).

[13] H. Rubin, Instrument Soc. Am. J. 5, 64 (1958).

[14] R. H. Bogue, The Chemistry of Portland Cement,
2nd ed., Reinhold Publ. Corp., pp. 331-333, 338.

[15] J. R. Crandall and R. L. Blaine, Am. Soc. Testing
Materials Proc. 59, 1129 (1959).

[16] L. E. Copeland and J. C. Hayes, ASTM Bull. 194,

p. 70 (1953).

[17] C. M. Hunt, V. Dantzler, L. A. Tomes, and R. L.

Blaine, J. Research NBS 60, 441, RP2858 (1958).

511





Paper IV-S6. Infrared Spectroscopy Studies on the Hydration of

Clinker Minerals and Cements*

H. Lehmann and H. Dutz

Synopsis

The infrared spectra of the dry minerals 7-C2S, /3-C2S, C3S, aUte, CA, C12A7, C3A, one
Portland cement, and one aluminous cement were studied. The spectra can serve as a basis
for qualitative and quantitative analysis. The substances w^ere hydrated and examined
after 1 hr, 1 day, and 7 days. Progress of hydration, fixation of water, absorption of carbon
dioxide, and the nature of the hydration products are discussed.

Resume

L'expos6 6tudie les spectres infra-rouges des min^raux sees 7-C2S, ^-C2S, C3S, alite, CA,
C12A7, C3A, un ciment portland et un ciment alumineux. Les spectres peuvent servir de
base a des analyses qualitatives et quantitatives. Les substances dtaient hydrat^es et
examinees apres une heure, un jour, et sept jours. Discussion est faite des progres de I'hy-
dratation, de la fixation de I'eau, de I'absorption du gaz carbonique et de la nature des pro-
duits d'hydratation.

Zusammenfassung

Die trockenen Minerale 7-C2S, iS-CjS, C3S, Alit, CA, C12A7, C3A, ein Portlandzement
und ein Tonerdeschmelzzement werden ultrarotspektroskopisch untersucht. Die Spektren
konnen als Grundlage fiir die qualitative und quantitative Analyse dienen. Die Substanzen
wurden hydratisiert und nach einer Stunde, einem Tag und sieben Tagen untersucht. Der
Hydratationsfortschritt, die Bindung des Wassers, die Aufnahme von Kohlendioxid und die
Art der gebildeten Hydratationsprodukte werden diskutiert.

Introduction

Few papers are as yet available on the use of

infrared (IR) spectroscopy in cement research,

In a doctoral dissertation C. M. Hunt [1] ' reported
in investigations of certain silicates, aluminates,
and other compounds that are of interest in

Portland cement chemistry. Unfortunately this

work was not available to us. In joint studies,

H. Lehmann and H. Dutz [2] established among
other things the rate of hydration of some clinker

minerals, one portland cement, one aluminous
cement, and one blast-furnace slag. D. M. Roy

The clinker minerals were synthesized in the
usual manner and were checked for purity by
chemical and roentgenographic methods. The
compositions of the cements are given in table 1.

All substances were subjected to sedimentation
analysis with isopropyl alcohol, the <C2n fraction
was separated, and the alcohol driven off at 120 °C.
Only particles of this size group were used in the
investigations, in order to insure that the absorp-
tion spectra would not be affected by light

scattering. A 40-mg sample of the substance was
mixed with water to produce hydration (silicates

and Portland cement, w/c 0.5; aluminates and
aluminous cement, w/c 1.0) and stored in a tightly

•Fourth International Symposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from Institut fur Steine und Erden der
Bergakademie Clausthal, Clausthal-Zellerfeld, Germany.

' Figures in brackets indicate the literature references at the end of this
paper.

[5] presented spectra of jS- and 7-C2S. G. L.

Kalousek and R. Roy [4] studied certain minerals

and indicate a possible method of determining

interlayer water. H. E. Fetch, N. Sheppard, and
H. D. Megaw [5] used IR spectroscopy to check

the accepted positions of hydrogen in afwillite.

It was the purpose of our studies to follow, in

time, the reaction of clinker minerals with water.

Relatively small quantities of water were used,

and measurements followed within a short time.

I Procedure

sealed glass tube at a room temperature of 22 °C.

Before measurement, the substances were freed

from adsorbed water by heating for 15 min at

105 °C. The potassium-bromide-pellet method
was used. A 0.9 mg portion of the substance (1.8

mg for Portland cement) was mixed with 1 g of

potassium bromide and pressed in the form of a

transparent disk. This method of preparation has

the advantage of being quick. For more extensive

studies of hydrogen bonds (H-bridging), experi-

ments should be repeated in a suspension medium
of lesser polarity than potassium bromide.

The spectra were determined with a Leitz IR
spectrograph, working in the 1-1 5-^ range with

a NaCl prism, and in the 15-24-m range with a

KBr prism. The exact position of the bands in

the 1.9-3.8-M range was measured witli a LiF
prism.
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Table 1. Composition of cements

SiOj AI2O3 re203 FeO CaO MgO NazO K2O SO3 S" MnO MnzOs P2O5 Insoluble
residue

Loss on
ignition

Portland
cement

07
,0

17.22
6. 87

07
7(1

8.72
45. 45

2.63
2.45

07
70

07
70

63. 15

39. 30

4.'07

1.04

07
7c

0. 22
0. 46

07
70

0. 18

0. 25

07
7c

1.33
0. 30

07
70

07
70

0. 35

07
7c
0. 30

07
70

0. 21
%

0. 54

1.32

%
2.20

Aluminous cement-. 1.44 1.04

Results and Discussion

Each substance has a characteristic IR spec-

trum. It can serve as a basis for qualitative and
quantitative analysis and for a determination of

structure. From our standpoint, the method was
of advantage because it permits direct observation
of the binding of water, CO2 absorption, and
changes of the structiu^e of silicates and aluminates
during hydration.

Before discussing the individual spectra, we
will briefly review the fundamental principles of

IR spectroscopy.

The frequency of vibration is given in cm~^
The relation to the micron is given by the equation

The frequency or position of molecular vibration

is determined by the number of atoms in the

vibrating structure, the mass of the atoms which
form the vibrating structure, its symmetry, the

bond between the atoms, and the surroundings of

the vibrating structure.

In the calcium silicates, the absorption by the

Si04 tetrahedron appears in the accessible portion
of the IR spectrum. The vibrations, in which
the O atoms vibrate along the lines connecting
them with the central Si atom, are called valency
vibrations; they lie at around \\\x. Vibrations in

which the bonds undergo flexural stress are called

deformation vibrations; they lie at around 19m-
When the tetrahedra are connected into chains,

layers, or lattices, the valency vibrations become
displaced toward lower wavelengths, or higher
wave numbers, i.e., the structure vibrates more
rapidly. Deformation vibrations are displaced
only slightly toward shorter wavelengths [2].

Water vapor has a deformation vibration band
at 6.27m and a valency vibration band at 2.66m-
H-bonds affect vibrations according to their

strength. For this reason the deformation vibra-
tion band of water lies at 6.10m and the valency
vibration band at 2.95m- From the magnitude of
the displacement, the half width and change in

intensity of the band one can draw conclusions
regarding the strength of H bonds, interatomic
spacings, etc.

The carbonate bands lie at 14.16, 11.40, with
the strongest at 7.00m-

7-C2S (figure 1)

The absorption bands between 10.0 and 12.5m
are the result of Si04 valency vibrations; between
17 and 22m we find the deformation vibration
bands.
Upon completion of hydration no evaporable

water or carbonate could be detected in the sub-
stance. It has been loiown for some time that
7-C2S has no hydraulic properties.

moo 2500 7000 800 600 450 [cm'f

7 4 d 7? 76 20 24^]

Figure 1. Infrared spectra.

Hydration of 7-C2S.

i3-C2S (figure 2)

The spectrum of the |3-modification is definitely

diflPerent from that of the 7-form. Although the

valency vibrations still lie in the same range, the

|3-modification exhibits four maxima, while the

7-form has only two ; aside from this difference the

band at 11.75m is weakest in the jS-modification

and strongest in the 7-form.

The deformation vibrations of the j3-modifica-

tion lie between 18 and 20m; those of the 7-form
between 17 and 21m-
The progress of hydration can be very satis-

factorily followed by the loss of intensity in the

Si04 valency vibration band. The intensities of

the individual maxima of the valency vibration

band decrease at different rates; maximum ex-

tinction at 11.75m drops from 0.22 to 0.15; at 11.2m
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from 0.44 to 0.22; at 10.8m from 0.48 to 0.24 and
at 10.05m from 0.48 to 0.30; on the first and last

there become superimposed the absorptions of the

newly formed phases, whose spectrum is better

revealed in hydrated C3S and will be discussed in

that connection. Half of /3-C2S has reacted at 7

days. Increase of the nonevaporable water, read

at 2.95m, is not very significant. Carbon dioxide

absorption can be followed from 6.7 to 7.0m.

70000 2SO0 WOO 800 600 4S0 fc/n'^J

14 6 1! 76 20 2*{MJ

Figure 2. Infrared spectra.

Hydration of /S-CjS.

C3S (figure 3)

The valency vibration bands of this mineral are

located at lower wave numbers, or higher wave-
lengths, than for i3-C2S, namely between 10.0 and

12.3m. Two deformation bands appear at 19.Om
and 22m. The higher number of calcium ions in

C3S tends to screen the Si04 tetrahedra more
strongly from each other, the frequencies becoming
lower than in /3-C2S.

The reaction with water takes place very
rapidly. At the end of 1 day practically all of

the C3S has undergone reaction. The maxima at

10.6m and 11.2m disappear and are replaced by a
broad maximum at 10.4m, which migrates to 10.3m
after 7 days. It is produced by the newly formed
phase. From the above one may conclude that
during hydration of C3S the Si04 tetrahedra com-
bine into larger structures, chains, and layers.

The effect can have no other explanation, as water
absorption alone during formation of hydrates
causes a lowering of frequency and thus a dis-

placement toward greater wavelengths [6].

Numerous other investigations have already
shown that calcium silicate hydrates form with
continuous molecule growth. The magnitude of

the newly formed particles, however, can not yet
have attained the order of a few microns in our
case, as otherwise light scattering would have
been produced at the beginning of the spectrum,
i.e., absorption would have become evident.

This, however, is not the case.

From the broad and flat shape of the bands of

new formations it may be concluded that the

molecules are of low crystallinity. This conclu-

sion is also in agreement witti the results of otiiei-

studies.

The water uptake of C3S is greater than that of

/3-C2S. The band shoulder at 2.75m indicates

valency vibrations of free OH-groups, wliich in all

probability belong to calcium hydroxide.
Carbonate formation is more pronounced tlian

for i3-C2S.

roooo 2500 1000 800 600 450 [cm'^J
I I

I I
t

60 -

40 -

20 -

1 4 8 12 76 20 24fM]

Figure 3. Infrared spectra.

Hydration of CjS.

Alite (figure 4)

The alite spectrum is, as expected, very similar

to that of C3S. The valency vibration band is

possibly less well defined, and the principal maxi-
mum lies at 10.7m instead of 10.6m as for CS-
Aluminum is not present as C3A, for its typical

bands are lacking.

When alite is heated in a glazed porcelain

crucible at 800 °C, two double bands appear
thereafter, at 8.7-8.9m and at 16.35-16.8m (figure

10). These bands are typical for the substances

in which an AIO4 coordination is suspected, e.g.,

albite, orthoclase, sillimanite, mullite. This is not

74 8 12 16 20 2*piJ

Figure 4. Infrared spectra.

Hydration of alite.
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to say that the above bands actually result from
AIO4 groups. Aluminum can also cause a
strengthening of the Si-0 bond, which would
produce vibrations at higher frequencies. These
bands were also observed with portland cement
and aluminous cement.

The reaction with water takes place even some-
what more rapidly than for C3S. Here also the
bands of the newly formed mineral phases are

broad and flat, and lie at smaller wave lengths
than for the dry mineral phase.

Portland Cement (figure 5)

The cement consists essentially of /3-C2S, which
can be identified by bands at 10.1 and 11.8m-
Bands at 10.9 and 11.25m have the same intensity

in /3-C2S as that at 10.05m- In portland cement,
however, they are somewhat better revealed, an
indication that alite is present, whose bands are

superimposed on those of 1S-C2S at 10.9 and 11.2m-
All maxima are displaced by 0.05 to 0.1m in the
direction of longer waves as compared with pure
minerals. Flat absorption at 13.35 to 14.Om is

attributable to vibration of AlOg octahedra.

During hydration the double band at 10.9 and
11.2m is reduced most rapidly, which points to a

rapid reaction of alite. After 1 day the intensities

of the three bands at 10.05, 10.85, and 11.25m are

equal; after 7 days the band at 10.05m is more
intense than the two others, as absorption of

calcium silicate hydrates adds its effect.

The intensities of nonevaporable water and
carbonate are considerably more marked than in

hydrated alite or /3-C2S.

rOOOO 3S00 1000 800 600 *so fern ''J

r
—
X dr

1

^
Y material

th

Id

7d

Figure 5. Infrared spectra.

Hydration of portland cement.

CA (figure 6)

The AlO valency vibrations have lower fre-

quencies than the corresponding SiO vibrations;
the deformation vibrations are both lower and
higher.

In CA the vibrations have a range from 10.5 to

24.0m; one could assume that the group from 10.0
to 13.7m is to be regarded as valency vibrations
and the rest as deformation vibrations.

Hj^dration proceeds quickly, so that at the end
of 1 day the greater part of the mineral has under-
gone reaction. After 7 days one encounters a very
broad absorption band, which reaches from 9.0m
to the end of the measurement range and exhibits
a larger number of small maxima.
Water absorption is greater than in the silicates;

the OH-valency vibration band lies somewhat
higher, at 2.90m- The effect of H bonds is smaller
than in silicates; carbonate formation is weaker.

mooo 1500- 7000 SOO 600 4S0

f ^ 8 72 76 so S4JA]

Figure 6. Infrared spectra.

Hydration of CA

C12A7 (figure 7)

The spectrum of this mineral differs decidedly
from the preceding, the number of bands being
smaller. The valency vibration band extends
from 10.5 to 13.6m and has a shoulder at 11.1m, a

very intensive maximum at 11.75 m and two
smaller maxima at 12.7 and 13.4m- At 17.25 and

roOOO !S00 7000 SOO 600 450 fcm 'J

4 a IS 76 SO S^puJ

Figure 7. Infrared spectra.

Hydration of C12A7.
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21.6m we find maxima of two further bands which
are probably attributable to deformation
vibrations.

Hydration takes place at a rapid rate, so that

almost the entire quantity of the mineral has
undergone reaction after 1 hr. As in CA a broad
absorption band is formed with a maximum at 7

days between 18.3 and 19. 9^.

Water absorption and carbonate formation are

about the same as for CA.

C3A (figure 8)

In the range of valency vibrations from 10.7 to

14.4m we find four larger and four smaller maxima.
The deformation vibration bands are relatively

flat and have two maxima at 19.2 and 19.8m; a
further broad maximum begins at 21.4 m and
extends to beyond 24 m.

Hydration is faster than for any of the other
minerals; after 1 hr all of the mineral has under-
gone reaction. A broad band with a maximum at

19.1 M makes its appearance, the peak becoming
displaced at 7 days of hydration to 18.8m, and a
second one is added at 12.8m.

After 1 hr the OH groups vibrate over a wide
range. The band extends from 2.75 to 3.0m; free

as well as H-bonded OH groups are present. After
1 day the greater part of the water taken up is

present as free OH groups; after 7 days the band
maximum has moved to 2.74m; and two band
shoulders appear at 2.77 and 2.79m. The broad,
not very intensive maximum which extends from
2.80 to 2.94m is attributable to water, whose H
bonds are however weaker than is normal for

water. Carbonate formation is slight.

70000 iSOO 4S0 [cm''J
1

'

r/i

Id

yd

a 71 76 20

Figure 8. Infrared spectra.

Hydration of C3A.

Aluminous Cement (figure 9)

The spectrum is closest to that of CA, although
the bands at 10.8, 13.4, 17.3, and 18. 5m are lacking.

The double bands at 8.75 and 8.9m, 9-95 and 10. 3m,
and 16.3 and 16.8m do not appear in pure calcium
aluminates. The first and last are typical for

substances in which AIO4 groups are suspected.

Hydration proceeds even faster than in CA, the
intense maximum of the dry cement at 12m
disappearing more rapidly than the double bands
at 8. 75-8.9m and 9. 9-10.3m. Three quite flat

maxima in the hydrated material from 11.6 to

12. 9m, from 17.3-19. 8m, and from 21.1 to 25m
are rather well covered by the absorptions of

calcium aluminate hydrates forming from CA.
The water is taken up primarily as H2O, identi-

fied by a broad band whose maximum extends
from 2.84 to 2.97m. Free OH groups scarcely

occur. Carbonate formation is very small.

rOOOO 2500 iSO fern ''J

a n 76 20 2^ l/uj

Figure 9. Infrared spectra.

Hydration of aluminous cement.

SQOjcm'V

Figure 10. Infrared spectrum.

Alite, heated for 15 min in a porcelain crucible at 800 °C.

Summary

Clinker mineral phases can be identified and
distinguished from one another with the aid of

their characteristic IR spectra; ;S-C2S can be dis-

tinguished from 7-C2S in this manner. The
spectra may be used as a basis for qualitative

and quantitative analysis.
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Paper IV-S7. Heat of Hydration of Cement as Affected by
Water-Cement Ratio*

Ulf Danielsson

Synopsis

The influence of the water-cement ratio on the heat evolution accompanying the chem-
ical reactions between a portland cement and water has been investigated using a conduction
calorimeter. The experiments, which have been carried out at 20 °C and with water-cement
ratios ranging from 0.25 to 0.50, show for later ages the ell-estabhshed direct relation
between total heat of hydration per unit weight cen ent ai.d water-cement ratio. For early
ages, up to about 9 hr, the rate of heat of hydration was founu to vary inversely with the
water-cement ratio. This observed effect can be explained to sonr.e extent by temperature
differences between the various pastes, both during mixing and while in the calorimeter.
The results indicate, hcwever, that in the early stages of hydration the major part of the
measured change in rate of hydration with water-cement ratio is of a chemical nature.
According to a hypothesis put forward in this paper, this rate dependence is attributable
to the presence of alkali in the cement and is explained in terms of the alkali concentration
in the fluid phase.

Resume

L'influence du rapport eau/ciment sur revolution thermique concommittante aux re-

actions chimiques entre un ciment Portland et I'eau est etudi^e a I'aide d'un calorimetre a
conduction. Les experiences qui ont ^t^ effectu6es k 20 °C et avec des rapports eau/ciment
allant de 0,25 a 0,50 montrent, pour les phases tardives, une relation directe bien 6tablie
entre la chaleur d'hydratation totale par unite de poids de ciment et le rapport eau/ciment.
Aux phases initiales, jusqu'a environ 9 heures, la rapidity du degagement de chaleur d'hy-
dratation s'avera varier en sens inverse du rapport eau/ciment. Ce phenomene ayant et6
observe peut dans une certaine mesure etre expliqu^ par des differences de temperature
entre les differentes pates, aussi bien au cours du melange que dans le calorimetre. Les
resultats indiquent cependant qu'aux premieres phases de I'hydratation la majeure partie
de la variation mesuree de la rapidite d'hydratation en fonction du rapport eau/ciment est
de nature chimique. Selon une hypothese emise dans le present compte-rendu, cette sub-
ordination de la rapidite peut etre attribuee a la presence d'alcali dans le ciment et est ex-
pUqu^e par la concentration d'alcali dans la phase fluide.

Zusammenfassung

Der Einfluss des Wasserzementwertes auf die Warmeentwicklung, die die chemischen
Reaktionen zwischen ein Portlandzement und Wasser begleitet, wurde mittels eines Lei-
tungskalorimeters untersucht. Die Versuche, die bei 20 °C und mit Wasserzementwerten
von 0,25 bis 0,50 ausgefiihrt wurden, weisen ein fiir spatere Zeitpunkte friiher festgestellte

direkte Beziehung zwischen der gesamten Hydratationswarme pro Zementgewichteinhelt
und dem Wasserzementwert auf. Fiir die ersten Zeitpunkte, bis zu etwa neun Stunden

,

konnte festgestellt werden, dass sich die Geschwindigkeit der Hydratationswarmeabgabe
umgekehrt zum Wasserzementwert andert. Diese beobachtete Wirkung kann aber genis-
sermassen durch die Temperaturuntersehiede zwischen den verschiedenen Massen, sowohl
wahrend der Vermischung als auch im Kalorimeter, erklart werden. Die Ergebnisse deuten
jedoch an, dass bei Beginn der Hydratation der Hauptteil der gemessenen Hydratations-
geschwindigkeitsveranderung bei Variation des Wasserzementwertes von chemischer Art ist.

Laut einer in diesem Bericht vorgelegten Hypotese ist diese Geschwindigkeitsabhangigkeit
auf das Vorhandensein von Alkali im Zement zuriickzufiiliren, und sie wird durch die Alka-
likonzentration der fliissigen Phase erklart.

Introduction

At the Swedish Cement and Concrete Research
Institute, Stockholm, we have carried out an in-

vestigation of the kinetics of cement hydration,
which is now completed and under pubhcation.

•Fourth International Sj-mposium on the Chemistry of Cement, Wash-
ington, D.C., 1960. Contribution from the Swedish Cement and Concrete
Research Institute, Stockholm, Sweden.

' Figures In brackets indicate the literature references at the end of this
paper.

Part of this work has been described earlier [1]'.

Another section, concerning the effect of different

water-cement ratios on the heat of hydration of

an ordinary portland cement, is presented briefly

here in advance of publication, because the results

supplement the discussion on this point in the

paper, "Kinetics of the Hydration of Portland
Cement" [2].
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Experimental

Materials

The cement used was a normal portland cement
with the following oxide composition:

Oxide SiOz AI2O3 FesOs CaO MgO SO3 Na20 K20 Ignition
loss

Percent 20.9 4.2 2.6 63.7 3.9 2.5 0.4 0.4 1.3

The uncombined CaO was 1.1 percent.

Using the formulae given by Bogue [3], the cal-

culated mineralogical composition was-

Compound C3S C2S C3A CiAF CaSOj

Percent 56.7 17.2 6.7 7.9 4.3

The specific surface of the cement, determmed
by the Lea and Nurse air-permeability method,
was 3,120 cm^/g. The density, determined with a
pycnometer filled with kerosene, was 3.12 g/cm^

Distilled water was used for mixing.

Mixing

The investigation comprises four experiments
carried out on pure cement paste with the water-
cement ratios: 0.25, 0.30, 0.40, and 0.50. The
amounts of cement and water required to give
each batch a volume of approximately 2.5 liters,

were weighed out. Cement and water, both
originally at 20 °C, were mixed together in an or-

dinary household mixer, in a constant-temperature
room set for 20 °C. The mixing time was 10 min,
and the temperature of the cement paste was
taken during the mixing.

Measurements

Test tubes were filled with paste and sealed with
rubber stoppers. Twenty min after mixing began,
one of these test tubes was placed in a thermos
flask containing water at 20 °C. Ten min later,

it was transferred to a conduction calorimeter,
shown in figures 1 and 2.

Due to the exothermal reactions between
cement and water, the temperature of the inner
calorimeter tube rose slightly above the temper-
ature of the outer tube. This temperature differ-

ence was measured accurately by means of 30
thermocouples arranged in series, connected to a
precision potentiometer. The temperature of the
outer wall of the calorimeter was constant, and
the calorimeter thus worked under almost iso-

tliermal conditions. To keep this outer wall at as
constant a temperature as possible (for these
experiments, 20 °C), which is important if reliable
results are to be obtained, the calorimeter was
immersed in the oil bath of an elaborate thermo-
stat, specially designed for the purpose. Sub-

merged in the oil bath as a sensing element was a
thermistor, coupled to a Wheatstone bridge, the
output of which was connected to a servo system
turning a Variac. This fed heating elements in

the oil bath. In this way continuous, sensitive

temperature control was achieved, and the temper-
ature in the oil bath could be kept constant to

within ±0.001 °C even for long periods. A view
of the whole apparatus is shown in figure 3.

The other test tubes were placed directly in the
oil bath, and removed one at a time at predeter-
mined ages, whereupon the total heat of hydration
of the paste was measured, using the familiar heat-
of-solution method.

Figure 1. Cross section of the conduction calorimeter.

A: glass test tube (6 in X H in) containing cement paste undergoing test-

ing, fitting tightly into inner calorimeter tube (B).
B: inner calorimeter tube of brass, held in central position in calorimeter

by means of two rings (C).
C: two rings of bakelized paper.
D: outer calorimeter tube, kept at constant temperatuie in thermostat.
E: 30 thermocouples in series to measure temperature differences between

inner and outer tubes.
F; heating winding for calibration.
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Figure 2. Calorimeter.

Results and

The rate of heat of hydration values obtained
with the conduction calorimeter are shown in

figure 4, the rate per gram of ignited cement ^

being plotted as a function of time. The esti-

mated errors in the measured rates amount to ± 1

percent and ±0.1 cal/g and day, except at the
beginning of an experiment, when the errors may
be considerably greater due to temperature dis-

turbances in the thermostat as the test tubes are
being transferred. These additional measuring
errors decrease rapidly and have vanislied after

2 hr.

Figure 5 gives the total heat of hydration versus
time. The total heat of hydration has been
obtained by integration of the measured rates, the
constant of integration being established by com-
parison with the results from the heat-of-solution

determinations. It can be seen from this diagram
that for later ages the heat of hydration varies
directly with the water-cement ratio. Others have
found the same, and the usual explanation is tluit

for low water-cement ratios, after some hydration

2 Throughout this paper all values for heat of hydration have been cal-

culated for ignited cement.

Figure 3. Apparatus for measuring the rate of heat of
hydration.

Discussion

has taken place, there is insufficient water present
to keep the reactions going (self-desiccation).

Furthermore, when the water-cement ratio is low,

the cement paste becomes so dense that the

diffusion of water to, and new hydration products
from, the reaction zones is difficult. The retarda-
tion of the hydration for low water-cement ratios

is more clearly shown in figure 6, where the rate of

heat of hydration is plotted against the total lieat

of hydration.
From these diagrams it may also be seen that

up to an age of about 2 days, the deviations
between the curves are comparatively small.

However, taking the accuracy of measurements
into account, it is evident from figure 4 that for

early ages (that is from 2 hr at the latest, up to

about 9 hr), the measured rates of heat of hydra-
tion vary inversely with the water-cement ratio.

This unexpected finding agrees with the results of

Taplin [4], who, in studying the amount of bound
water, also found that for tlie pastes witli the

lowest water-cement ratios, the rate of hydration
during the first hours was higher than for pastes

with a high water-cement ratio. Copeland and
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Figure 4. Effect of water-cement ratio on the rate of heat of hydration.

Kantro [2], when discussing the results of Taplin,

have offered as the probable explanation of this

result, the suggestion that the observed differ-

ences in the rate of hydration are due to the greater

temperature rise above the ambient temperature
for paste specimens with low water-cement ratios.

Also in the case of our investigation, there have
been dissimilar rises in temperature for the dif-

ferent pastes, as figure 7 shows. Here, to the
left in the diagram is recorded the temperature of

the paste during mixing, and to the right, the

calculated temperature of the inner calorimeter
tube. With the X-axis at 20 °C, as in the diagram,
the values for the mean temperature of the cement
paste while in the calorimeter are correspondingly
higher, by a factor of approximately 6 percent,
calculated from the thermal conductivities of the
various materials. The temperature curves be-
tween 10 and 40 min are only schematically drawn
to give a rough indication of the temperature
course during this interval.

The effect of temperature on the rate of heat of

hydration has been studied earlier [1] for the same
cement and with a water-cement ratio 0.4.

These experiments show that in the early stages of

hydration at a temperature of approximately 20

°C the rate increases by about 7 percent per degree
centigrade. Tliis figure is not likely to vary much
with changes in the water-cement ratio. Because
the temperature of the paste specimens deviates
from 20 °C/ while they are in the calorimeter, the

measured values for the rate should be corrected

before being compared. From figure 7 it can be
seen that these corrections reach their greatest

values at an age between 7 and 9 hr. The esti-

mated maximum correction is 9 percent for water-
cement ratio 0 25, and 5 percent for water-cement
ratio 0.50, which should be subtracted from the

measured values. But the differences between
the measured rates reach considerably higher
values, as is demonstrated in figure 8, where the

rates of heat of hydration relative to that for a
water-cement ratio 0.40 are plotted against time
for the early ages considered here. The greatest

deviation in rate occurs at an age of approximately

3K hr and is as much as 40 percent higher for

water-cement ratio 0.25 than for 0.40. The cor-

rection discussed is thus far from sufficient to

explain the observed differences.

When comparing the rates of heat of hydration
for pastes of the same age, it is not only the tem-
perature of the cement paste at the moment of
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Figure 5. Effect of water-cement ratio on the total heat of hydration.
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Figure 7. Temperature of the pastes.

The curves are in the same order, top to bottom, on the right side of the diagram as on the left.

524



u- 1.1 - \

< 1.0

\ X,

v»^/c=0-30

- 0.9 • ^ --.^
< w„/c=0.25

UJ

0.8

1 2 3 4 5 6 7 8 9 10 n iF"
AGE FROM BEGINNING OF MIXING, hours

Figure 8. Relative rate of heat of hydration versus time.

u.
1-5

O.S

I 1

1

\

,\

I 1 1 1

\\
\\
\\

0.50

1 1

^. _
w^c-0.30

w^/cJo.iT--

1 1 1 1
1 I I I I 1_

5 10 15 20 25 30 35

TOTAL HEAT OF HYDRAT 1 0 N, calories per gram eemant
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measuring that is important, but the whole
temperature history up to the moment of measur-
ing, because the pastes may liave reached different

degrees of hydration. This difficulty can be
avoided by making tlie comparison when tlie pastes
have developed the same total heat of hydration
instead. From the diagram in figure 6 we have
determined graphically the rates of heat of hy-
dration for the different water-cement ratios for

given values of the total heat of hydration. In
figure 9 the rates of heat of hydration relative to

that for water-cement ratio 0.40 are plotted
against total heat of hydration. When we now
compare the rates for the pastes when they have
reached the same degree of hydration, the influence
on the degree of hydration of the temperature
differences during mixing and up to the moment
of measuring lias been taken care of. We see,

however, that when the total heat of hydration
has reached for example the value 10 cal/g of

cement, which for none of the pastes is earlier than
3 hr, and the measuring errors present at the be-
ginning have disappeared, there still remain dif-

ferences which amount to more than 40 percent

between pastes with water-cement ratios 0.25 and
0.40.

The temperature differences between the pastes,

which are comparatively high during mixing, can
also cause still other deviations in the measured
rates of heat of hydration. We have found earlier

[1] that the hydration products formed at different

temperatures differ with regard to their influence

on further reactivity. If a paste is preliydrated

at 20 °C, its rate of heat of hydration measured
at 1 °C may be only half that for a paste hydrated
to the same degree, but kept at 1 °C all the time.

Although the temperature of the paste with a

water-cement ratio of 0.25 has exceeded the one
for water-cement ratio 0.40 by a full 3 °C during
mixing, as seen from figure 7, this can hardly ox-

plain the difference in the measured rates, which,

even after the previously-mentioned corrections

have been taken into account, amount to at least

35 percent.

The results indicate that the rate of heat of

hydration would vary inversely with water-cement
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ratio during the first hours of hydration, even if

the measurements could be carried out at constant

temperature. Calculations have shown that an

explanation based on the assumption that the

cement grain boundaries have a higher temperature
than the paste as a whole can be ruled out. The
reason for this rate dependence must probably be

sought in the chemical processes taking place.

When cement and water are brought into con-

tact with each other, the material in the cement
grain boundaries passes into solution. Most of

the constituents of a portland cement are only

slightly soluble in water, and the fluid phase will

quickly become saturated. During the process

of mixing, the concentrations of the ions these

compounds form will have reached fixed values,

independent of the water-cement ratio and deter-

mined by their solubilities. In the early stages

of hydration, the rates of the different reactions

must be influenced by the composition and con-

centration of the fluid phase but not by the solu-

tion-cement proportions. However, most port-

land cements also contain small quantities of

sodium and potassium salts. As the solubility of

alkalis in water is high, the alkali concentration

in the solution will not reach saturation and thus

will depend on the water-cement ratio of the paste.

As a hypothesis to explain the observed increase

in the rate of heat of hydration with decreasing

water-cement ratio during the first hours of hydra-
tion, the author suggests that it is due to the

alkali salts in the cement accelerating the hydra-
tion reactions, and that this acceleration becomes
stronger when their concentration in the fluid

phase increases with decreasing values for the

water-cement ratio.

Many alkali salts have been found to accelerate

the hydration when used as admixtures. In

cement the alkalis occur mainly m the form of

sulfates, but besides these, small amounts of

sodium may be present in the calcium aluminates,

and potassium in the calcium silicates [5]. In

order to verify the hypothesis, we have compared
rates of heat of hydration for two prepared pastes,

with the same water-cement ratio, the one made
with pure water, the other with a sodium sulfate

solution. The concentration of this solution was
chosen as the difference between the calculated

sodium sulfate concentrations one would obtain
in two imaginary pastes with water-cement ratios

of 0.25 and 0.40, respectively. For these pastes

both the amomit of potassium oxide converted
to the equivalent amount in sodium oxide and of

actual sodium oxide, as given in the analysis,

have been assumed to exist in the form of sodium
sulfate and to dissolve completely.

The experiments showed thati the addition of

this alkali salt accelerated the reactions during
the first hours of hydration to an extent which
suggests that the hypothesis can be accepted as
the explanation of the dependence, at early ages,

of the rate of heat of hydration upon water-cement
ratio.
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Discussion

W. C. Hansen

The author suggests that increasing the alkali

content of the liquid phase of a cement paste
increases the rate of hydration at early ages. This
seems logical on the basis that Ca(0H)2 is the

compound that retards the rates at which C3A and
aluminoferrites react with water and sulfate. The
data by Hansen and Pressler ^ show that, as the

alkali content of the liquid phase of a cement
increases, the SO3 content should increase and the

CaO content should decrease. If the degree of

retardation is a function of the amount of Ca(0H)2
in the solution, then the rate of reaction of the
aluminates should increase as the concentration
of Ca(0H)2 decreases or as the concentration of

alkali increases.

This finding, it seems, is very significant in con-
nection with early reactions. I pointed out in the

closure to the paper on false set in portland cement
pastes that aeration of a cement may decrease the

rate at which the cement minerals release Ca(0H)2
to the liquid phase and that this, in turn, may
cause the cement to develop flash-setting tenden-
cies. Heat of hydration studies on cements
aerated under controlled conditions might furnish

valuable data on the reactions that occur during
the handling and storage of cement.

1 W. C. Hansen and E. E. Pressler, Solubility of Ca(0H)2 and CaS0i-2H20
in dilute alkali solutions, Ind. Eng. Chem. 39, 1280-1282 (1947).
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Paper IV-S8. The Influence of False Setting on Some Properties of

Hardening Cement Paste and Mortar*

Jerzy P. Sulikowski

Synopsis

Two normal-setting cements and one false-setting cement were investigated. Both
normal-setting cements became false-setting on heating to 200 °C. Samples of the false-

setting cements thus obtained were then kept in a moist chamber, whereby they again
became normal setting. The third cement, false setting when obtained, became normal
setting on storage in a moist atmosphere. A portion of this normal-setting sample was
again changed to false setting by heating. Each of the three original samples thus was sub-
jected to a cycle of operations, resulting in nine cement samples, five normal and four false-

setting. Each of the nine samples was investigated for bleeding and initial shrinkage.
It was established quantitatively and with good reproducibility that false set, brought

about artificially by heating, is connected with appreciable reduction of bleeding and increase
in initial shrinkage. A reversibility of the phenomena was also established, as the artificially

obtained false-setting cement after storage in moist atmosphere again becomes normal set-

ting, and thereby again expels greater amounts of water and exhibits less initial shrinkage.

Resume

Deux ciments a prise normale et un ciment pr^sentant le phenomene de fausse prise sont
les materiaux utilises dans cette 6tude.

Les deux ciments a prise normale furent transformes en ciments a fausse prise sous I'effet

de la chaleur. Ces ciments a fausse prise retrouverent une prise normale apres s^jour dans
une chambre humide.

Le troisieme ciment, qui pr^sentait le phenomene de fausse prise au moment de la

livraison, fut soumis a un s^jour en atmosphere humide et acquit une prise normale. Une
partie de ce ciment a prise normale fut de nouveau transform6 en ciment a fausse prise par
I'effet de la chaleur.

Ainsi chacun des trois echantillons initiaux fut soumis a un traitement cyclique et en tout
ils produisirent neuf echantillons de ciment: cinq presentant une prise normale, et quatre
une fausse prise.

Chacun des neuf echantillons fut examine pour determiner le ressuage et le retrait du
d^but.

On ^tablit quantitativement, et les resultats se reproduisaient bien, que la fausse prise

artificiellement produite par la chaleur est liee a un d^croissement visible du ressuage et a
un accroissement du retrait du d^but.

On put egalement ^tablir que les phenomenes sont reversibles, puisque les ciments a
prise artificiellement rendue fausse retrouvaient une prise normale apres un s6jour en atmos-
phere humide et de nouveau remontaient de plus grandes quantites d'eau, et indiquaient un
retrait du debut moins grand.

Zusammenfassung

Als Untersuchungsmaterial wurden zwei normalbindende Zemente und ein falschbin-
dender Zement benutzt.

Beide normalbindende Zemente wurden durch Erwarmen in Falschbinder umgewandelt.
Die so entstandene falschbindende Zementproben wurden durch Aufbewahren in feuchtem
Raum wieder normalbindend gemacht.

Der dritte, schon im Lieferzustande falschbindender Zement wurde durch Aufbewahren
in feuchter Atmosphare beruhigt, und band normal ab. Ein Teil dieser normalbindender
Probe wurde durch Erwarmen wieder in Falschbinder umgewandelt.

Jede der drei Ausgangsproben wurde also einem Bearbeitungszyklus unterworfen, und
infolgedessen entstanden 9 Zementproben, und zwar 5 Normalbinder, und 4 Falschbinder.

Jede der 9 Proben wurde auf Bleeding und Anfangsschwindung untersucht.
Es wurde quantitativ und mit guter Wiederholbarkeit der Resultate festgestellt, dass

kiinstlich durch Erwarmen hervorgerufenes falsches Abbinden mit merklicher Verkleinerung
der Bleeding und mit Vergrosserung von Anfangsschwindung verbunden ist.

Man hat dabei auch eine Reversibilitat der Erscheinungen festgestellt, well die kiinstlich

erhaltene Falschbinder nach dem Aufbewahren in feuchter Atmosphare wieder normalbindend
werden und stossen dabei wieder grossere Mengen von Wasser ab, und weisen kleinere

Anfangsschwindung auf.

* Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from the Institute for Mining and Metallurgy,
Krakow, Poland.
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Introduction

The false setting of cement not only makes
more difficult the mixing of concrete, its transport

and placing, but probably is also the cause of some
defects in buildings and constructions made of

concrete. Thus for example during production

of large concrete slabs, which are the basic element
of highways and runways, often numerous surface

cracks appear; they are 300-500 mm long and
about 30 mm deep. Such cracks are usually

situated parallel to each other and occur in rows
over the whole surface of the slab.

It should be pointed out that such cracks

appear repeatedly some hours after placing the

concrete, therefore before its final setting.

The author is acquainted with a case of the

appearance of such cracks on large slabs of a

runway some hours after placing the concrete,

although it was protected against surface drying

by a cover of wet sand and plastic foil.

The cause of this phenomenon has been sought
in false setting of cement, although the character-

istic premature stiffening of concrete has been,

seemingly, ultimately suppressed by means of

more vigorous and prolonged mixing of the con-
crete.

The observations described allow one to assume
that the calcium sulfate hemihydrate, present in
lalse-setting cement, affects permanently and
specifically the structure of the gels which are the
basic constituents of the setting cement paste.

It may be assumed at the same time that the
more vigorous mixing of the concrete, although it

allows the suppression of the premature stiffening,

characteristic of false setting, and makes possible
the regaining of the initial consistency of the
mixture, does not liquidate the mentioned perma-
nent infiuence on the structure of the gel.

It is the structure of the gel that undoubtedly
determines the properties of hardening and
hardened cement, and therefore, any changes in it

should in turn cause measurable changes of these
properties.

The present work aims at the determination of

the influence of false setting on bleeding and on
the course and extent of the initial shrinkage of

the hardening cement.

Materials

In the investigations three brands of portland
cement, delivered by three different cement
plants, were used. The characteristics of these

cements are presented in table 1. The initial and
final setting of these cements were in complete
accordance with the standard specifications. Two
of them, viz., cements R and S, do not display

false setting, while the third one, cement W{f) is a

typical false-setting one.

Cement W{f) contains a scant addition of

granulated blast-furnace slag. Because of this

in table 1 neither its moduli nor its mineralogical

composition are presented.

A portion of the samples of cements B and S
received from the cement plants was subjected
to heating to 200 °C during 20 min ; thus samples

Rf and Sf, with artificially developed false setting

were obtained.

Then a part of these false-setting portions of

both cements was spread as a layer about 25 mm
Table 1. Characteristics oj cements

Cement R Cement S Cement

Loss on ign 1.85 2.60 2. 74
SiOi 23. 40 21. 76 24. 20
Fe203 2. 13 3. 35 2. 50
AI2O3 4. 33 6. 05 6. 78
CaO 64. 88 62. 00 59.20
MgO 1. 12 2. 02 2. 27
SO3 2. 44 1.92 2. 26
Insoluble _.- _ 0. 43 0. 42 0. 38

Hydraulic modulus 2. 16 1.96
Si02/R203 - 3.62

2.03
46.93
31.76
7. 87
6. 47
4. 14

2.31
1.80

35. 94
35. 34
10. 36
10. 18
3. 26

Al203/Fe203
C3S
C2S
C3A _.

C4AF
CaSO,

thick above a water surface in a closed chamber
for a period of 24 hr at a temperature about 20 °C.
The cements thus treated lost the false setting

acquired by heating, and came back to their

initial setting behavior without any disturbances.

These cements were designated R' and S'

.

Table 2. Origin and preparation of cement samples

Symbol of sample

R...

P'..,

S-...

S,.-.

w.

Origin or preparation

Cement plant P
Heating of cement P
Humidifying of P/..
Cement plant S
Heating of cement S.

Humidifying of .S/_..

Cement plant \V
Humidifying of \\\f,.

Heating of cement H

Setting characteristics

Normal setting.
False setting.

Normal setting.

Normal setting.
False setting.

Normal setting.

False setting.
Normal setting.

False setting.

R — i£2i2s_^

to

c
dj

R'
huSZS^— Rp

c

^2g2i2o
s

y/

sethng 5'
fTurrvdjJ^iS-—

Sf c

"5/

Normc

N'

Figure 1. Scheme of sample preparation.

(Cement samples as received from plants are designated by bold-face

letters.)
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Cement W(f) which, as mentioned above,

displa3^ed false setting on dehvery from the cement-

works, was treated in the same manner, though

in different order. A part of that cement was
subjected for a 24-hr period to the action of

atmospheric moisture, thus making it lose its

natural property of false setting.

The sample thus obtained was marked as cement
W. A part of it was heated for 20 min at 200 °C,

thus acquiring again the property of false setting

(cement W/).
As the result of the above described treatment,

from three kinds of cement of different origin,

nine samples were obtained. Their symbols,
characteristics, and origin or means of preparation
are presented in table 2.

In the scheme presented in figure 1 the means of

preparation of the samples from the initial three

cements, marked by bold-face letters, are given.

Apparatus and Procedure

The cement samples, prepared in the manner
described above, were investigated for bleeding.

In addition the course and extent of the initial

shrinkage of the cement paste were determined.

False Setting

For the detection of false setting a method, the

principle of which is based on ASTM C359-56 T,

was used. Previous investigations [1] ' have
shown the applicability of this method and the

good agreement of results obtained by its use.

Bleeding

For the determination of the rate and capacity
of bleeding the method and apparatus recom-
mended by ASTM C243-58 T, were used. This
method also affords concordant results, as has
been found during previous studies.

Initial Shrinkage

The study of the influence of false setting on
the shrinkage of cement paste and mortar has
been the subject of previous papers [2]. These
have dealt, however, with shrinkage after 3, 7,

and 28 days, and have shown that the false setting

considerably increases the shrinkage of the
hardened cement paste and mortar after 28 days.

The investigations described in this paper have
been limited to observations of the course of

shrinkage during the initial stage of setting, before
the final hardening of the cement. Observations
have been carried out only during 480 min from
the moment of the preparation of the cement paste.

The shrinkage was measured using an ordinary
microscope by means of a method proposed by
Lefevre [4]. The cement paste was placed in a
mold made of zinc sheet 1 mm thick. The shape
and size of the mold are presented in figure 2.

The mold rested on a glass plate and the area
along which the mold touched the plate was
sealed with molten paraffin. The inner walls of

the mold and the area of the plate within them
were greased with machine oil.

The mold thus prepared was filled with cement
paste. On its surface, smoothed with a knife, at
a distance of 90 mm from the diagonal, closing

'Figures in brackets indicate the literature references at the end of this
paper.

wall of the mold, a fragment of steel plate,

suitable for microscopic observations, was placed.

The device was put on the stage of the micro-
scope provided with an eyepiece calibrated pre-

viously by means of a stage micrometer with a
section 1 mm long, divided into 100 parts. Obser-
vations were carried out at 80 times magnification
and the length of one division of the eyepiece
scale corresponded to 10.7ju. The temperature of

the surroundings fluctuated from 18 to 20 °C and
the relative humidity from 50 to 60 percent.

The sample was placed on the microscope stage
so that the metal mark made on the surface of

the paste was covered by the first mark of the
ej^epiece scale. The translocations of the mark in

the field of vision were noted each 15 min.
The unpublished preliminary investigations

resulted in finding that the measurements of the
initial shrinkage made by means of the above-
described method are in very good agreement,
provided of course that the temperature and
humidity of the surroundings are kept constant.

Figure 2. Mold used in preparation of specimens for
measurement of shrinkage.
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Results

mrrt
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BO minutes

Figure 3. Amount of bleeding exhibited by samples R, Rf,
and R'.

Inset shows penetration in test for false setting.
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Since, as had been mentioned in' the previous
section, the results obtained by means of the
methods used are in good agreement, the present
paper does not contain tabular representation of

numerical values; these are represented graphic-
ally only.

The course of bleeding is illustrated by curves
in figures 3, 4, and 5. Each of these curves is

the mean of six parallel measurements, the
results of which differed from the arithmetical
mean value by not more than ±7 percent.

In these figures there are auxiliary plots in

which each curve is the result of three parallel

measurements of false setting.

In table 3 are presented, for each of the nine

Table 3. Bleeding rate and capacity

Cement Bleeding rate
cm3/cmVseo

Bleeding ca-

pacity cm3/cm3

0. 0000761
. 0000524
. 0000658
. 0000597
. 0000646
. 0000628
. 0000595
. 0000737
. 0000374

0. 0228
.0142
.0166
.0176
. 0152
.0183
.0170
.0202
.0115

-

S/
S'

W(f)w
Wf

cements, numerical values of the rate and capacity

of bleeding. These values are calculated from
the arithmetical mean value of six parallel meas-
m-ements made for each of the nine cements.

rrim

-40

2ol 1

80 minulss

Figure 4, Amount of bleeding exhibited by samples S, Sf, Figure 5. Amount of bleeding exhibited by samples W(f),
and S'. W, and Wf.

Inset shows penetration in test for false setting. Inset shows penetration in test for false setting.
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The courses of the initial shrinkage of the setting

paste are presented in figures 6, 7, and 8. Each
of these curves is the mean of six parallel measure-
ments, the results of which differed from the

arithmetical mean value by not more than ±5
percent.

Bleeding

The results presented above confirm the as-

sumption put forward in one of our earlier papers

[4] that the occurrence of false set is connected
with the decrease of the rate and capacity of

bleeding.

The investigations described in this paper have
allowed in addition to find a reverse phenomenon,
viz, that the loss of the natural or artificially

acquired property of false setting of cement is

connected with the increase of the rate and
capacity of bleeding.

This regularity was found during the study of

cements subjected to the closed cycle of operations

illustrated graphically in figure 1. The course of

bleeding was altered each time according to the

order of operations of that cycle.

Initial Shrinkage

The changes of length were observed for 7 to 8
hr from the moment of the preparation of the

Figure 6. Initial shrinkage of samples R, Rf, and R'.

622829 0-62-J5

paste and placing it in the form. After that time
the initial shrinkage of the setting paste did not
increase any more.
By comparison of the plots in figures 6, 7, and 8

it is found that the three original cements differ

considerably from each other. The order of the
initial shrinkage of the paste, after 7 to 8 hr, is,

for each of these cements, quite different. This
is caused undoubtedly by the dift'erent chemical
and mineralogical compositions of these cements
and of their different fineness.

Closer comparison of the course of the curves
presented in the above mentioned three plots
results in finding that the appearance of the phe-
nomenon of false setting or its disappearance in-

fluences very distinctly and always in the same
manner the course of the initial shrinkage observed
during the first 7 to 8 hr after the mixing of cement
with water. In the case of each of the nine studied
samples the course of the initial shrinkage of the
paste may be divided into several characteristic

stages. The pastes made of normal-setting ce-

ments shrink in three stages while in the case of

false-setting cements four definite stages may be
distinguished.

Normal- Setting Cements: R, R , S, S' , W
The first stage lasts for 3 to Z)i hrs after prepa-

ration of the paste, placing it in the mold and

Figure 7. Initial shrinkage of samples S, Sf, and S'.



Figure 8. Initial shrinkage of samples W(f), W, and Wf.

starting the observations. This stage is char-
acterized by slow shrinking of the paste which

shows, at the end of this stage, a shrinkage of the
order of 0.5-0.8 mm/m.
The second stage lasts for l}i to 2}i hr. In this

stage a rapid and very considerable increase of the
shrinkage takes place. In the third and last stage
the shrinkage comes to a constant value, char-
acteristic for each original cement.

False-Setting Cements: Rf, St, Wf, W(f)

The first stage comprises the first hour after the
preparation of the paste. This short initial stage

is typical for false-setting cements and is char-

acterized by a rapid increase of the shrinkage
which, after an hour, reaches the value of 1.0-

1.2 mm/m, i.e., several times that shown during
the same time by normal-setting cements.

In the second stage, lasting 3 to 4 hr, the shrink-

age of false-setting cements increases slowly. This
increase lasts for about 1 to l}i hr longer, counting
from the moment of the preparation of the paste,

than in the case of normal-setting cement of the

same origin. At the end of this stage the shrink-

age of the false-setting cements reaches the value
of 1.8-2.0 mm/m, thus being then more than twice

that of normal-setting cements at the end of the

first stage.

The third stage is that of a rapid increase of the

shrinkage. This stage is late in relation to the

analogous (second) stage of the normal-setting

cements by about an hour.

In the fourth, final stage there occurs a decrease

of the rate of shrinkage. The length of the sample
becomes constant, showing, however, a total

shrinkage 10 to 20 percent greater than that of

the normal-setting cements.

Discussion
The results presented in this paper show that

the phenomenon of false setting influences dis-

tinctly the process of bleeding of the cement paste
as well as the initial shrinkage of the setting paste.

This influence is marked in a regular and repeated
manner and the quantitative changes of bleeding
and initial shrinkage are measurable and con-
siderable.

In addition, the mentioned influence is in a way
reversible since it appears when normally setting
cement is remade into a false-setting one as well as
when falsely setting cement is remade into a

normal-setting one.

Both investigated phenomena, i.e., that of bleed-

ing and that of shrinkage of the cement paste, are
related to the colloidal structure of the setting

paste. Thus, for example, the course of bleeding
depends, as is known, on the size and number of

capillary canals constituting the fundamental

element of the structure of the gels of which the

hardening cement paste consists in the major part.

Thus the fact of the influence of false setting on
the process of bleeding and shrinkage of cement
paste, found in the course of studies being the sub-

ject of this paper, proves the decisive and distinct

influence of false setting on the structure of the

gels which are the main component of the hard-

ening cement paste.

Further studies aiming at learning the influence

of false setting on the practical properties of ce-

ment are being carried out at the Department
of Technology of Binding Materials of the High
Scliool of Mining and Metallurgy, Krakow. It is

to be expected that these studies will allow the

whole-range interpretation of the observed phe-

nomena and regularities, and, first of all, will

enable us to know to a greater extent the infliience

of various forms of calcium sulfate on the structure

of hardened cement paste.
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Paper IV-S9. Thermodynamics of the Hardening Processes of
Cement*

O. p. Mchedlov-Petrosyan and W. I. Babushkin

Synopsis

To define the energetics of binding properties the authors have used the thermodynamic
research method which allowed them to examine theoretically without complex experiments
the energetics of hardening processes of binders and on this basis to outline the mechanism
of their reactions.

Previously unknown thermic data (AH298, Ar208, S298, and Cp=f{T)) for hydrosilicatcs
and hydroaluminates of Ca and silicic acid ions were obtained by approximate methods of
calculation, the accuracj' of which, as comparison of calculated and experimental data showed,
is within the limits of usual experimental errors (±5%).

According to the data obtained there were calculated the equations AF=f(T) of the
reactions in the systems: Ca(OH)2-Si02-H20, ^-2CaO Si02-H20, and SCaO SiOj-HoO under
hydrothermal conditions, as well as the hvdration reactions of 3CaO-Al203, 2CaO-AloOa,
12CaO-7Al203, CaO-AUOa, CaSOj-O.SH.O, CaO, and :\IgO at normal temperature.

The results of the thermodynamic calculations enable one to indicate the conditions for
synthesis of various hydrosilicatcs.

Using the values of average bond energies for Ca-0, Si-0, 0-H, etc., and taking /3-2CaO-
SiOi as an example, there is shown the possible mechanism of its hardening process, the
first stage of which is the solution of /3-2CaO-Si09 in water. This provides conditions for

increase of the average bond energy of Ca-0 which assures in its turn a considerable super-
saturation of the ions of Ca"'""'" in the solution and affords the possibility of making them stable.

The second stage is the polymerization of the SiOj and HSiO^ ions (depending upon the
pH of the medium in the presence of Ca ions) first into chains [SisOg]^" and then into bands
[SieOn]'"", etc. This process is accompanied by the immediate precipitation of submicro-
scopic poorly soluble calcium hydrosilicatcs able to join with each other.

Resume
Pour definir les energetiques des proprietes liantes les auteurs ont utilise la m6thode

de recherche thermo-dynamique qui leur a permis d'examiner theoretiquement sans experi-
ences complexes les energetiques des precedes de durcissement des Hants et sur cette base
d'exposer le mecanisme de leurs reactions.

Des donnees thermiques inconnues jusqu'a present (AHogs, AF298, S29S et Cp=/(70) pour
les hydrosilicates et hydroaluminates de calcium et les ions d'acide silicique furent obtenues
par des methodes de calculation approximative, dont I'exactitude, corhme I'indique la

comparaison avec les donnees calculees et experimentales, est dans les limites des erreurs
experimentales habituelles ( ± 5 %)

.

Suivant les donnees obtenues les equations aF=/(T) des reactions furent calculees
dans les systemes: Ca(OH)2-Si02-H20, /3-2CaO-Si02-H20, SCaO-SiOi-HjO sous conditions
hvdro-thermiques, aussi bien que les reactions d'hvdratation de SCaO-AUOa, 2CaO-Al.>03,
12CaO-7Al203, CaO-AliOs, CaSO4 0.5H2O, CaO et MgO a temperature normale.

Les resultats des calculs thermo-dynamiques nous permettent d'indiquer les conditions
pour les syntheses de differents hydrosilicates.

Quand on utilise les valeurs des energies du lien moyennes pour Ca-0, Si-0,0-H
etc., et quand on prend /3-2CaO-Si02 comme exemple, on voit le mecanisme possible de ce
procede de durcissement dont le premier stade est la solution de /3-2CaO-Si02 dans I'eau

.

Ceci fournit les conditions pour I'augmentation de I'energie du lien moyenne de Ca-0 qui
a son tour assure une sursaturation considerable des ions de Ca"'""'" dans la solution et offre

la possibilite de les rendre stables. Le second stade est la polymerisation des ions de SiO J et
de HSiOj (dependant du pH du milieu en presence d'ions de calcium) d'abord en chaines
[SisOg]^" et ensuite en bandes [SieOiT]'"" etc. Ce procede est accompagne par la precipitation
immediate d'hydro-silicates de calcium peu solubles et sous-microscopique capables de se

joindre les uns aux autres.

Zusammenfassung
Fiir Erforschung der Energetik der Bindeeigenschaften benutzten die Verfasser die

thermodynamische Forschungsmethode, die es ohne der Durchfiihrung von komplizierten
und mtihevollen Versuchen erlaubte die Energetik der Erhiirtung von Bindemittel zu unter-
suchen und auf dieser Grundlage den Mechanismus entsprechender Reactionen zu entworfen.

Die friiher unbekannten thermischen Daten fAH298, AF29S, S29S und Cp=/(T')] fiir

Hydrosilikate und Hydroaluminate des Calciums und der Siliziumsaureionen wurden
mittels Naherungsberechnungsmethoden erhalten, die Genauigkeit weleher, wie ein Ver-
gleich berechneter und Versuchswerte zeigte im Bereich gewohnlicher Experimentalfehler
liegen (±57o)-

Zufolge den berechneten Daten wurden Gleichungen AF=/(T) der Reaktionen in

Systemen: Ca(OH)2-Si02-H20, (3-2CaO Si02-H20, SCaO SiOj-H.O in hydrothermalen
Zustanden, sowie die Reaktionen der Hvdratatiou von SCaO-.AljOs, 2CaO-Al>03, 12CaO-
7AI2O3, CaO-AlzOs, CaSOj O.oHsO, CaO und MgO bei normaler Temperatur betrachtet.
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Die Resultate thermodynamischer Berechnungen erlauben es die Bedingungen der
Synthese verschiedener Hydrosilikate zu beurteilen.

Mit der Anwendung der mittleren Bindungsenergien von Ca-0, Si-0, 0-H, u.s.w.
werden am Beispiel von ^-2CaO Si02 der mogliche Mechanismus seiner Erhartung gezeigt|
deren erster Akt die Losung von /3-2CaO Si02 im Wasser ist, was Moglichkeit fiir die Ver-
grosserung der mittleren Bindungsenergie Ca-0, eine Bedingung der empfindlichen tJber-
sattigung der Losung mit Ca++ -ionen bildet, und bietet eine Moglichkeit der Erzielung
ihres mehr stabilen energetisehen Zustandes.

Als zweiter Akt ist die Polymerization von SiO 3 und HSiO 3 ionen anzusehen, in Abhan-
gigkeit vom pH der Mediums in Anwesenheit der Ca++-ionen zuerst in Metasilikat-ketten
[SisOg]"" und dann in Bander [SieOi?]'"" u.s.w. mit sofortigen Ausscheiden aus der Losung
submikroskopischer schwerloslicher Calciumhydrosilikate, die zur gegenseitigen Verwachsung
miteinander veranlagt sind.

In recent years there has been considerable
progress in the study of the hardening processes of

mineral binders. Formulation of a reliable theory
of cement hardening is necessary for rational
control of the technology of concrete and other
products made with cements, and to assure the
fabrication of products of desired quality.

It should be noted that all the numerous aspects
of this problem have up to now been divisible

either into the crystallochemical study of struc-
tural features of binders and their hydration
products, represented in the USSR by the works
of acad. N. V. Belov's school [1, 2],^ N. A. Toropov,
Yu. M. Butt, and their co-workers [3, 4], and
abroad by J. Bernal [5], J. Jeffery [6], R. Nurse [7],

F. Ordway [8], A. Grudemo [9], H. Megaw [10],

H. Taylor [11], E. Thilo [12], and others, or the
branch of physical-chemical mechanics involving
problems of "strength synthesis" of hardened
binders, which was developed first in the USSR
by acad. P. A. Rehbinder's school [13, 14].

From our point of view, for further fruitful

development, a close and extensive application to
these problems of the methods of chemical thermo-
dynamics is necessary.

Apparently no one now would have any doubts
about the assumption formerly made by us that
inorganic compounds with binding properties have
differently activated crystalline structures [15].

The crystallochemical aspect of the instability
of those compounds was first explained by E.
Brandenberger [16], who assumed that the ability
to show binding properties is associated with
reduced coordination of active cations of the struc-
ture. This opinion is, in our point of view, not
far from the truth, because any distortion or
irregular coordination will inevitably cause a
reduction to the next order.

Therefore, without considering M. Bredig [17]
incorrect, we assume that for the explanation of
binding properties it is not the formal crystallo-
chemical coordination but the quantity of the
nearest neighbors that is important. It is just
like the zones of different electronic levels in
metals [18], or in other words, everything depends
upon the yet unknown connection between the
limit values of cation-oxygen distances and the
energy coefficients of the structure.

Therefore, to explain the energetics of binding
properties, the use of thermodynamic research
methods becomes of great importance.

' Figures in brackets indicate the literature references at the end of this

Application of thermodynamic research methods
to the study of reactions on which the hardening
processes of binders are based has up to now been
hindered by a number of factors: first, it has not
yet been decided to what degree the classical

therrnodynamic principles might be applied to
real irreversible processes such as the processes
causing the hardening of cements; second, there
have been no initial thermodynamic data for

hydrosilicates and hydroaluminates of calcium,
because their experimental determination is asso-
ciated with great difficulties in the synthesis of

pure monocrystals and their unique identification

[5, 19, 20, 21, 22, 23, 24].

Chemical processes represent combinations of
chemical and phase transformations, mass, and
heat transfer.

In this connection, thermodynamic potentials
as measures of the driving force of the physical-
chemical processes must be of decided importance
in determination of relative rates and especially
in qualitative estimation of the preferred course
under given conditions [25].

Ideas on the significance of thermodynamic
potentials in the determination of process rate can
be found in some works [25-31].

It should be further noted that the assertion
that one cannot use the concepts of time, space,
and rate in thermodynamics is unsound, for it is

correct only within the framework of classical

thermodynamics, whose abstract concepts often
fail to satisfy today's wants, and especially our
desire to interpret in a concrete way the objective
contents of thermodynamic laws.

It can be assumed [25] that for each real ir-

reversible chemical process its exact reversible

replica can be imagined; a prototype, passing
through the same intermediate states. The
amounts of work involved in these two processes

are equal, but in the second case the work is

connected with the covering of external forces

influencing the system, while in the first case it

is objective work against real internal resistance

forces of a nonequilibrium system.
Summarizing all that is said above, we can

conclude that for the analysis of hydraulic binders

it is quite possible to use classical thermodynamic
methods. The simplicity and convenience of

their application consist in the fact that the main
principles do not depend upon the correctness of

our knowledge of the interatomic structure of

materials taking part in the reaction and this en-

ables us without complex and laborious experi-
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ments to examine theoretically the reactions of

interest in order to predict the possibility of

obtaining one or another product, or to predict

the impossibility of a synthesis under certain

conditions.

In connection with the above, the problem of

reliable initial thermal data becomes of great

importance; such data are heat of formation
(AH), isobaric-isothermal potential (AF), entro-

pies (S), and temperature dependence of heat
capacities {Cp=f{T)) for the compounds formed
through the hardening of binders as well as for

their ions in water solution.

In the present work, to obtain the necessary

thermal data for hydrosilicates and hydroalumi-
nates of calcium and ions of silicic acid in water
solution we used approximate calculation methods
for AH, AF, S, and C„=j{T) [32, 33, 34, 35, 36].

The use of such approxhnate methods is justified

in this case by the above-mentioned complexity
of experiments and nearly complete absence of

thermodynamic constants for hydrosilicates of

calcium, since their experimental determination
would delay this research for many years. The
use of approximate methods without pretending
to final decision of all questions concerning the

hardening of binders allows us to draw important

qualitative conclusions in a comparatively short
time.

By the authors' methods, AH298, S298, and AF298
of nine hydrosilicates of calcium were calculated

:

hillebrandite, afwillite, foshagite, xonotlite, river-
sideite, tobcrrnorite, ])lombierite, gyrolite, and
okenite. The calculations were also made for
three hydroaluminates of calcium: CsAHa, C4AH12,
C2AH5. For the hydrosilicates, Cp=/(r) was
calculated by the method of N. A. Landya [37].
AF and AH for SiOa ions in water solution and the

average binding energies for Si—0, Al—O, S—O,
O—H, Ca—O, and Mg— O were also calculated
for the main types of binders and their hydration
products. All these calculated data, as well as
those previously known, which were generally
taken from the reference book by Rossini and as-
sociates [38], are given in table 1.

By use of these data, values of AF=/ {T) for
liydrothermal reactions in the systems 3CaO-
S1O2-H0O, /3-2CaOSi02-H20, Ca(OH)2-Si02-
H2O, and for hydration reactions of SCaO-ALOa,
2CaO Alo03, 12CaO-7Al203, CaO AlsOs, CaSO4'0.5
H2O, CaO, and MgO at room temperature were
calculated, and on the basis of the values of aver-
age bond energies an energy analysis of binding
qualities was made.

Table 1

No. Compound

Ca0-_
Ca(0H)2
MkO.
Mg(0H)2 -

CaSO40.5H2O(;8).

CaS04-2H20
CaS04 (anhydrite)

-

^-CaO-Pi02_ —
/3-2Ca0-Si02--
7-2CaO-Si02

3CaOSi02_..
CaOAbOa.--
3CaOAl203..
2Ca0-Al203..,
12CaO-7Al203,

3Ca0Al203-6H20.__- --
2Ca0-Al203-5H20
4CaOAl203-12n:0_
2Ca0-Si02-1.17H20(hillebr.)_
3Ca0-2Si02-3H20(afwill.).--.

4CaO-3Si02-1.5H20(foshag.)-.
6Ca0.6Si02H20 (xonotl.)

5CaO-6Si02-3H20(rivers.)
5CaO-6Si02-5.5H20(toberm.).
6CaO-6SiO2-10.5H2O(plonib.)_

2CaO-3Si02-2.5H20(gyrol).
CaO-2Si02-2H20(oken.)___
H2O....
Si02(^- quartz)
Ca _

Mg
Pi03~....
OH-
Ca++
a-Al203..
Al2(S04^3

State

Crystal,
-_..do.-.
-.__do...

do...
....do...

..do.

..do.

..do.
-_do.
..do.

.do.

.do.
-do.
_do.
.do.

do.
do.
do.
do.
do-

.do.

.do.

.do.

.do.

.do.

do..

do..
liquid.,
crystal,
gas

.do.

.do.

.do.

.do.

.do.

do..
solid...

do-
do..

crystal.
do..

AH29S
kcal/mole

-151.90
-235. 80
-143. 84
-221. 00
-375. 97

-483. 06
-342. 42
-378. 20
-538.00
-539.00

-688. 10
-554. 80
-850.00
-704. 00
-4617.00

-1329.00
-1078.00
-1916. 40
-624. 80

-1118. 45

-1402. 85
-2322. 82
-2300. 90
-2482. 15

-2837. 15

-1138.82
-725.69
-68. 32
-205. 40

+46. 04

+88. 04
+75. 00
+52. 089

+59. 16

+53. 25

+35. 90
-25fi. 00
-54. 66
-129. 70
-399. 09
-820. 98

AF 298

kcal/mole

-144.40
-214. 33
-136. 13
-199. 27
-342. 78

-429. 19
-315. 56
-358. 20
-512. 70
-513. 7

-653. 40
-526. 80
-809. 10

-4365. 72

-1205. 18

-1704.20
-580. 55
-1028.25

-1310. 85
-2185. 32
-2140. 90
-2287. 35
-2573. 20

-1048.62
-661. 70
-56. 69
-192.40
+37. 98

+77. 41

+05. 30
+48. 575

+54. 99
+43. 57

+27. 60
-219. 20
-37. 56

-132. 18
-376. 77
-738. 99

Cp=fiT)

Cp= 11.67+1.08-10-3T-I.56-105T-2
Cp= 19.79+10.45- 10-'T-2.94-10'T-2
Cp= 10. 18+ 1 .74- lO-'T- 1.48- lO'T-2
Cp = 10.4+27.00- 10-3T
Cp= 18.8+36.3-10-3T

Cp = 27.03+58.6- lO-'T
Cp = 18.52+21.97- 1O-3T-1..56-105T-2
Cp= 26.64+3.6-10-3T-6.52-105T-2
Cp= 41.26+5.34-10-3T
Cp=27.16+19.6-10-3T

Cp = 49.85+8.621-0-3T-10.15-10>T-2
Cp = 34.62+6.751-fr-3T-0.76-105T-2
Cp = 52.34+15.81-0-3T+0.55-105T-2

= 291.32+50.3 ia-3T-5.25-10-"r-2

Cp = 41.04+22.04-10-3T-7.4-10sT-2
Cp = 81 .54+45. 1 - 10-3T- 14. 67- lO'T-^

Cp=87.95+39.5- lO-'T- 13.48- 105T-2
Cp= 132.25+65-20-10-3T-I8-35-10»T-2
Cp = 143.55+74-7-10-3T-20-82-105T-2
Cp = 110.6+189-1-10-3T
Cp= 132.2+270-0-10-3T

Cp = 79.47+36.3-10-3T-17.55-I05T-!
Cp = 44.81+18.7-10-3T-10.35-10iT-2

Cp= 7.93+ 10. 95- 10-3T+2.67- lO^T-s

Cp = 1 1.22+8.20- 10-3T-2.7- lO'T--'
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Figure 1. The diagram AF= {{T) for direct reactions in the

system Ca(OH)2-Si02-H20; for compositions C:S= 2:1

and higher.-
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Figure 2. The diagram AF= f(T) for direct reactions in the

system Ca(OH)2-Si02-H20; for composition C:S= 3:2.
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Figure 3. The diagram AF= f(T) for direct reaction in the

system Ca(OH)2-Si02-H20; for composition C:S= 4:3.
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Figure 4. The diagram AF= f(T) for direct reactions in the

system Ca(OH)2-Si02-H20; for composition C:S=1:1.

Examination of figures 1 to 7,^ in which AF=
fiT) for reactions in the system Ca(0H)2—Si02—
H2O is given, allows us to draw the following
conclusions:

For compositions C:S= 2:1 and more basic,

3:1, 4:1, etc., in the whole range of temperatures,
primaiy formation of hillebrandite is thermody-
namically most probable (fig.l).

For compositions C:S= 3:2 and 4:3 and inter-

mediate values, primary formation of foshagite is

most probable (figs. 2, 3).

For the composition C:S=1:1, the primary
products may be tobermorites (plombierite and
tobermorite) , and above 90 to 100 °C formation
of xonotlite becomes thermodynamically most
probable (fig. 4).

For the composition C:S= 5:6, the primary
product at low temperatures is indicated to be
plombierite; from 50 to 220 °C tobermorite proper
is indicated; and above 220 °C, xonotlite (fig. 5).

For compositions C:S=2:3 and 1:2 and the
more acid region 1:3, 1:4, 1:5, etc., up to 230 and
240 °C, primary formation of gyrolite is most
probable, and above 240 °C, xonotlite (figs. 6, 7).

In the system i3-C2S-H20 (fig. 8), primary
formation of hillebrandite is thermodynamically
most probable up to 65 °C, and from 65 to 170°,

afwillite.

In the system C3S-H2O (fig. 9), primary for-

mation of hillebrandite is most probable over the
whole temperature range, but the absence of

data for C3S-H2O does not allow us to make at

present a full analysis of reactions in this sj^stem.

The analysis of side reactions in the system
Ca(OH)2-Si02-H20 makes it possible to con-
clude:

1. Stable hydrosilicates in the absence of excess

of Si02 and Ca(0H)2 are: hillebrandite (fig. 10),

foshagite (though its transformation into xonot-
lite at high temperatures is not excluded, as is

indicated by the inclination of curve 4 in figure

15), and xonotlite (but only at temperatures above
100 °C, for at low temperatures it can be trans-

formed into tobermorite in the presence of water,

fig. 18, curve 6).

2 In figures 1 to 27 the following symbols are used: 1—the formation of hille-

brandite, 2—of afwillite, 3—of foshagite, 4—of xonotUte, 5— of riversideite, 6—
of tobermorite, 7—of plombierite, 8—of gyrolite, 9—of okenite.

Js- so 100 <XS IS^O ifs 200

T'C

Figure 5. The diagram AF= f(T) for direct reactions in the

system Ca(OH)2-Si02-H20; for composition C:S=5:6.
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2. Tobermorite and gyrolite are thermody-
namically stable at low temperatures but tend to

transform into xonotlite at temperatures above
170 to 220 °C (figs. 21 and 24).

3. Afwillite and okenite are thermodynamically
unstable over all the temperature range. Afwil-
lite tends to transform into foshagite (fig. 12,

curve 3), and okenite into gyrolite and tobermorite
(fig. 27, curves 6 and 8).

With excess of Ca(0H)2, all hydrosilicates

exhibit a tendency to transform into hillebrandite

(figs. 13, 16, 19, 22, 25), and with excess of SiOa,

into gyrolite (figs. 11, 14, 17, 20, 23).

A certain peculiarity characterizes afwillite,

which in the presence of SiOa tends to transform
into gyrolite only at temperatures up to 175 °C.

At higher temperatures its transformation into

foshagite becomes more probable (fig. 14, curve 3).

The results of calculations correspond very
well with the experimental data of numerous
scientists: P. P. Budnikov and N. V. Petrovykh
[39], Yu. M. Butt, L. N. Rashkovich and others

[4], H. F. W. Taylor [40], R. B. Peppier [41] and
G. L. Kalousek [42, 43], but require the assumption
that all the processes of hydrosilicate formation
in the system Ca(OH)2-Si02-H20 take place in

solution.

For instance. Peppier has stated that the final

products are gyrolite and xonotlite when the initial

materials are Ca(0H)2 and silicic acid gel at

molar CaO:Si02 ratios ranging from 0.26 to 0.63

(at 180 °C from 4 to 15 days). According to our
data this can be explained in the following way.
At 180 °C the concentration of Ca(0H)2 in the

solution is ~1.5 mmole/liter [44], while the con-
centration of Si02 is ~12.9 mmole/liter [45] in

the case of amorphous Si02. Generally for more
accurate analysis it is necessary to take into ac-

count the mutual influence of Ca and OH ions

upon the solubility of Si02, and of silicic acid

ions upon the solubility of Ca(0H)2 in water;
and instead of concentrations the activities of

ions in solution should be used. Taking into

consideration the approximate character of the

initial thermodjoiamic data and the expectation

of only qualitative estimation of the direction of

observed reactions, we have taken as a basis the

concentrations of Ca(0H)2 and Si02 in solution.

^s So « loo'tsfso ffs^ou

T'C

Figure 7. The diagram AF= f(T) for direct reactions in the
system Ca(OH)2-Si02-H20; for composition C:S=1:2.
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Figure 8. The diagram AF= f (T) for direct reactions in the

system /3-2CaO-Si02-H20.
-19000 •
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Figure 9. The diagram AF= f(T) for direct reactions in the

system SCaO SiOj-HjO.
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Figure 6. The diagram AF= f(T) for direct reactions in the

system Ca{OH)2-Si02-H20; /or composition C:S=2:3.
Figure 10. The diagram AF= f(T) for transformation

reactions of hillebrandite.
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Figure 11. The diagram AF= f(T) for transformation
reactions of hillebrandite with excess Si02.
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FiciiiRK J4. The diagram AF= f(T) for transformation
reactions of afwillite with excess Si02.
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the C :S ratio at 180 °C in this case will be

Figure 12.
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The diagram AF= f(T) for transformation
reactions of afwillite.
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Figure 13. The diagram AF= f(T) for transformation
reactions of afwillite with excess Ca(0H)2.

0.12, or nearly 1:8. For this composition,

according to figure 7 (curve 8) the primary product
must be gyrolitc. But gyrolite at high tempera-
tures is a metastable phase and according to the
data of figure 24 (curve 4) is able to transform into

xonotlite. The transformation temperatiu-e indi-

cated by our data (~225°) differs from Peppler's
data by 45 °C, but for qualitative estimation it is

quite acceptable. As the period of 4 to 12 days
proved insufficient for the full transformation of

gyrolite into xonotlite at 180 °C, Peppier found in

this case just a mixture of gyrolite and xonotlite.

But for the same composition in a second series of

experiments continued for 6 months, Peppier
found only xonotlite, which completely confirms
the correctness of our conclusions. The results of

other researchers correspond with them equally

well.

We can draw very important conclusions from
the examination of the data of figure 18. As we
see in the figure (curve 6), xonotlite is a metasta-
ble compound at low temperatures and in the

presence of water is able to condense into tobermo-
rite according to the equation:

6CaO-6Si02-H20+5.5H20-^
5CaO-6Si02-5.5H2O+ Ca (OH) 2

This condensation leads to the removal of one
molecule of Ca(0H)2 from xonotlite, and this is

important for preventing the solution of hydro-
silicates in water.
The results of theromodynamic calculations

allow us also to analyze the possibility of synthe-

sis of various hydrosilicates.

1. Gyrolite may be obtained only when using

active forms of Si02 at ratios of CaO and Si02 in

the solution within limits of 2:3 to 1 : 00 (corre-

sponding to certain temperatures and states of

initial materials), and when taking into account a
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Figure 15.
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Figure 16. The diagram AF= f(T) for transformation
reactions of foshagite with excess Ca(0H)2.

suitable reaction period, because as a metastable
phase it can transform fully into xonotlite under
long processing.

2. Tobermorites may be synthesized from
quartz and lime at such a temperature and with
such a physical condition of initial Si02 and
Ca(0H)2 that the composition of CaO and Si02
in solution will be kept near or equal to 5:6 (with

initial composition C:S= 5:6). If the process is

conducted with the initial composition of CaO to

Si02 differing from C:S=5:6 (that is, with
excess of CaO or Si02) it will be possible at certain

temperatures and particle fineness of materials to

obtain tobermorites as primary product, but
through long processing they can transform with
excess of Ca(0H)2 into hillebrandite, and with
excess of Si02 into gyrolite. Besides, it should be
considered that at high temperatures (^190°)
tobermorites are able to transform into xonotlite.

3. Xonotlite is formed when the C:S ratio in

solution is nearly 1:1, and the higher the tempera-
ture the wider is the composition range near 1 :

1

for its preferred formation. Besides, xonotlite

may be a product of gyrolite and tobermotite
transformation at high temperatures.

4. Hillebrandite may be formed in all mixtures
of CaO and Si02 when the ratios in the solution

amount to 2:1 or more. Besides, it should be
considered that initial mixtures rich in Ca(0H)2
will consist of hillebrandite as final product after

long processing.

5. Foshagite may be obtained as a primary
product when the ratio of CaO to Si02 in the

solution is equal to 3:2 to 4:3. Incidentally,

such a composition is difficult to obtain as it lies

in a very narrow range of temperatures (~160 to

165 °C for quartz and Ca(0H)2).
6. Afwillite and okenite are not to be expected

as products of synthesis from normal Si02 and
Ca(0H)2.
As to the hydration reactions of aluminates of

calcium, gj^psum, CaO, and MgO, the values of

AH298 and AF298 for these reactions are given in

is- so FT fOo lis 'Jo 'FJ iOO

-T-'C

Figure 17. The diagram AF-— f(T) for transformation

reactions of foshagite with excess SiOa-

Figure 18. The diagram AF= f(T) for transformation

reactions of xonotlite.
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Figure 19. The diagram AF= f(T) for transformation
reactions of xonotlite with excess Ca(0H)2.

Figure 20. The diagram AF= f(T) for transformation
reactions of xonotlite with excess Si02.

table 2, along with the values of AlT and AF for
hydration of CS, CoS, and C3S to hillebrandite.
Average bond energies of Ca—O and Mg—0 for
the hydrated and unhydrated forms of these
various compounds are given in table 3.

The calculation of the average bond energies of
Ca—O and Mg—0, which are the ones that vary

Table 2

No. Hydration reaction

CaO+H20^Ca{OH)2
3Ca0.SiO2+2.17H20^2Ca0-Si02-1.17H2b
+ Ca(0H),

/3-2CaO-Si02+1.17H20^2Ca6-Si62-1.17H20
7-2CaO-Si02+1.17H20^2CaO-S102-1.17H20
/3-CaO-SiO2+0.585H2O^!'2(2CaO.SiO2.

1.17H20)-i/2Si02
3CaOAl203+6H20^3CaO-Al263"6H20
2CaO.Al20.,+5H20-^2CaO-Al203-5H20
12CaO-7Al203+48H20^3(4CaO.Ab03-
12H20)+8A1(0H)3

CaOAl203+4H20^i«(2CaO-Al203-5H20)
+ AI(0H)3

CaSO40.5H2O+1.5H2O-^CaSO4-2H2O
CaS04+2H20^CaS04-2H20
MgO+H20-^Mg(OH)2

AH of the
reaction
at 298 °K

AFof the
reaction
at 298 °K

kcal/mole
-15. 60

kcallmole
-13.21

-24. 50
-6. 80
-5. 80

-18. 70
-1.72
-0. 72

+3. 47
-69. 08
-32. 40

+4. 89
-56. 01

-307. 08 -199.20

-17. 77
-4. 61

-4. 00
-8. 84

-1.32
-0. 25
-6. 45
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Figure 21. The diagram AF= f(T) for transformation
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Figure 22. The diagram AF= f(T) for transformation
reactions of tobermorite with excess Ca(0H)2.

the most as functions of the condition and energy
state of the oxygen, can be performed only on the
assumption that the average energies of Si—0,
Al—O, S—O, and O—H, which are common to

both unhydrated and hydrated (stable) forms, do
not change, and if they do, the difference is so

insignificant in comparison with the change of

Table 3

Average Average
bond bond Energy

No. 'Anhydrous energy
of the
Ca—

0

bond

Hydrate energy gain on
compound of the

Ca—

0

bond

hydra-
tion

kcallbond kcallbond kcal/mole
1 CaO 128.55 Ca(0H)2 141.60 13. 05
2 3Ca0.Si02 1.33. 05 2Ca0-Si02-1.17H20 140. 60 7. 55
3 /3-2Ca0.Si02 135. 76 2CaO-Si02-1.17H20 140. 60 4. 84
4 l-2Ca0-Si02 136. 00 2Ca0-Si02.1.17H20 140. 60 4.60

5 ;3-Ca0..'=^i02 139. 21 2Ca0-?i02-1.17H20 140. 00 1.39
0 3Ca0Al203 127. 75 3CaO.Al203-6H20 149. 78 22.03
7 2CaOAl'.03 128. 82 2CaO-Ai203-5H20 150. 07 21.25
8 12Ca0.7Al203 128. 56 4Ca0.Al203-12H20 165. 56 27. 00
9 CaOAhOs 130. 44 2Ca0-Al203-5H20 150.07 19. 63

10 CaSOj-0.5H2O 15.5.80 Ca.S04-2H20 166. 00 10.20

11 CaS04
(anhydrite).

153. 40 CaS04-2H20 166. 00 12.60

12 MgO " 1 19. 45 Mg(0H)2 129. 13 9.68

1 For MgO and Mg(0H)2 the value of average bond energy is for the
Mg—0 bond.
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average energy of Ca—O and Mg—O that it may
be neglected.

This is understandable because the average
energies of Si—O, Al—O, S—O, and O—H are the
basis of formation of complex oxygen-anions:
SiO|-, AIO2-, SOr, and OR-, stabiHty of which is

large enough, since the radii of Si'*"'" (6.39 A), AP"*"

(0.57 A) and (0.34 A) ions, compared with the

radius of (1.32 A), are very small and will not
distort the close packing of oxygen-anions even
for considerable energy changes. The influence of

these anions on Ca and Mg cations depends in

great degree upon the differences of their energy
condition, determined mostly by temperature and
medium. At high temperatures, the polarization

of anions causes decrease of the bond energy of

Ca^"*" with the free bonds of the oxygen of SiOt~,
SO4", and AIO2"" anions; at low temperature this

bond can return into its normal state.

The bond energy for Si—O was determined from
i8-quartz, for Al— O from corundum, for S—

O

from Al2(S04)3, and for O—H from water, in

accordance with the methods described by T.
Cottrell [46].

As may be seen in table 3, the calculated energy
gain for one bond of Ca—O for hydration of CaO
is 13.05 kcal. It is quite natural that under

is 5-0 ?r too tzs ISO Its- ioo

-r-c

Figure 23. The diagram Ar=f(T) for transformation
reactions of tohermorite with excess SiOi.

Figure 24.
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Figure 25. The diagram AF= f(T) for transformation
reactions of gyrolite with excess Ca(0H)2.
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Figure 26. The diagram AF= f(T) for transformation
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certain kinetic conditions, which could make it

possible to overcome the activation energy, there

would be immediately produced in lime a cor-

responding rearrangement leading to a lower level

of free energy of the system.

The same may be said with respect to C3S
(energy gain 7.5 kcal/Ca—O bond), /3-C2S

(energy gain 4.84 kcal/Ca—O bond), C3A (energy

gain 20.15 kcal/Ca—O bond), C2A (energy gain

21.25 kcal/Ca—O bond), CjoAy (energy gain 27.0

kcal/Ca—O bond), CA (energy gain 19.63 kcal/

CaO bond), CaSO4-0.5H2O (energy gain 10.2

kcal/Ca— 0 bond) and MgO (energy gain 9.68

kcal/Mg-0 bond).
It is interesting to note that AFjgs of these reac-

tions has considerable negative value (table 2),

which characterizes the great motive forces of

those processes, assuring the spontaneous nature
of the transformation.

wSuch compounds as 7-C2S, iS-CS, and CaS04
(anhydrite) are in a peculiar position. As table

3 indicates, the average bond energies of Ca—

O

in them are such that there is a gain of energy
during hydration, but AF values of these processes

(table 2) are found to .be either nearly zero (7-C2S

and CaS04) or positive (/3-CS). Hence the

activation energy of hydration processes for them
is considerable, and therefore in the presence

of water these processes cannot occur sponta-

neously. Either hydrothermal conditions (for

7-C2S) or very fine grinding and the use of

additions that increase the solubility (for an-

hydrite) are necessary.

Binders are composed of compounds that are

able to harden into stonelike solids. This means
not only that the binders must form hydrates
stable in water, but a strong concretion of these

hydrates must occur as well; therefore super-

saturation in water solutions during hardening is

necessary for binders [14, 47].

It may also happen that under usual conditions

a compound does not give supersaturation, whereas
under hydrothermal conditions, or with the help

of additions or fine grinding, supersaturation can
be secured.

Therefore conditions must be taken into account
when defining binders. For most binders these

conditions are easily met, as the hardening
process is thermodynamically possible for tliem

under normal conclitions {t= 25 °C, p=l atm).

To this group belong CaO, /3-C2S, C3S, C3A,
C2A, C12A7, CA, CaSO4-0.5H2O, and MgO.

Since the main minerals of cement clinker are

silicates of calcium, we take them as a model for

analysis of the hardening meclianism of binders.

Hardening processes may be divided into the
stage of mteraction of a binder with water (hydra-
tion and supersaturation) and the stage of the
formation of crystalline concretion (crystalliza-

tion, recrystallization, contact formation).

Thermodynamically, the hydration can occur
both in the solid phase and through solution [48],

since the total energy of the process does not

depend upon its path. The formation of hydrates
in the solid phase does not provide the attainment
of thermodynamically stable hydrate forms, and
they, having some supply of free energy, will

thus be converted through solution into more
stable, well-formed hydrates, but this only over a
longer period of time and under conditions of

insignificant supersaturation which will not pro-
vide a strong concretion.

Hydration of binders through solution presents
quite another picture. First of all, solution of the
binder will not be hindered by hydrate films. It

will be governed by the energy of the crystalline

structure of the initial binder and by the properties

of the solvent [49].

The activation energy of reactions between
saturated molecules amounts to some tens of

kcal/mole, and between ions is practically zero.

This decides the kinetics of the process.

Therefore, in this case kinetic factors determine
that the predominant development of the process

is through solution, which was experimentally
confirmed by V. B. Ratinov's researclaes [47].

From the average bond energies calculated by
us we can indicate the mechanism of hydration of

)3-2CaO-Si02 as follows.

The influence of polar molecules of H2O weakens
the bonds between atoms in C2S, and heat move-
ment is enough to make the elements of its struc-

ture pass into solution. We stated that the aver-

age bond energy of O—H in water is 110.57 kcal/

bond, Si-0 in /3-C2S—102.93 kcal/bond, Ca-0 in

iS-CaS—139.21 and Ca-0 in hillebrandite—140.6

kcal/bond.
As the bond energy of Ca-0 in jS-CaS is weaker

than in hillebrandite, the Ca ion passing into solu-

tion (it will be manifested most probably only by
the increase of mobility of Ca++ towards oxygen)

will try to decrease its free energy, which will be

manifested b}^ development of a stronger bond with

oxygen. The energy gain will be, as table 3 shows,

4.84 kcal/bond. Though this is not AF, it may be

used as a measure for qualitative conclusions only.

From the comparison of values of bond energies

of Si—0 and Ca—O in /3-C2S (102.93 and 135.76

respectively), it is evident that the Ca ion passing

into solution does not lose its oxygen, since 135.76

is greater than 102.93. Therefore the Ca ion,

occupying a certain thermodynamically most ad-

vantageous position in oxygen packing, will assure

stability.

In this case far different conditions will arise for

silicon. Remaining without surroundings, since

all four oxygen ions will pass to Ca++, silicon

(Si*+) will immediately try to neutralize its charges.

But this is not so easy to do, as oxygen in water

is bound with protons by stronger bond (110.57

kcal/bond) than Si with O (102.93 kcal/bond).

In this case, silicon can either join with existing

0H~ groups, provided ones are in solution, or form

double bonds with oxygen (then it will be easy

to take oxvgen from water, since 2x102.93>>
110.57).
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Apparently those processes will depend in great
degree upon the pH of the medium. Since pure
water is but little dissociated, basic additives will

be of great use for stimulating interaction of i3-C2S

with water. The initial pH value will influence

the primary formation of Si (OH) 4 (when all four

bonds of silicon are bound with 0H~) or H2wSi03

(when two silicon bonds belong to OH while two
others belong to oxygen).

Since there are experimental data on dissociation

constants of H2Si03 [50], while for Si(0H)4 there
are not, it is more reliable in this case to examine
formation of metasilicic acid.

In connection with this, it is desirable to know
the influence of the pH values upon the form of

silicic acid in solution. It is easy to show this by
calculations based on known values of the first

and second dissociation constants of H2Si03 [50].

[H+][HSi03-] , 0

[H2Si03]

^ [H+] [Si03--]^ ,

[HSi03-]
=

Denoting by 2Si02 the collective content of all

the forms of silicic acid, we can obtain the equa-
tions for determination of the percentage contents
of H2Si03, HSiOs", and SiOs"" in solution corre-

sponding to the hydrogen-ion concentration in

solution and Ki and K2:

Table 4

%H2Si03= 2Si02

%HSi03- = SSi02

%Si03--= SSi02

[H+]

[H+]2+i^i[H+]+i^ii^2

The results of calculations by means of these
equations are given in table 4.

Thus the main form of silicic acid at ^H<8.0 is

the undissociated H2Si03. At pH>12.0, H2Si03
is practically absent.

Form of silicic

acid

pH

4 6 8 10 12 13 14

HzSiOs - ~100.

0

~100.

0

99. 00
0.995
0,005

49.995
49.995
0. 01

0. 01

49.995
49.995

0.001
9.(J99

90.90
HSiOs-
SiOs—

0.99
99.01

The existence of HSi03" ion is limited to the
range pH= 8-13. At ^H>13 the main fofiii is

SiOs"" ion.

SiOs"" ions thus formed will undoubtedly try to

be preserved in solution. The only way is by
polymerization. The polymerization is aided by
the unsaturated character of the double bond.
In an acid medium the polymerization process
will go with final formation of framework struc-

tures of silica wliich are practically insoluble in

water under normal conditions and therefore quite

stable.

In a basic medium, SiOs"" ions will form com-
plex radicals of polysilicic acids, the size and form
of which will to a certain degree be governed by
the character and properties of the cation of the
base introduced into solution (Ca, Mg, Na, K,
etc.). And, as is stated in the works of acad. N.
V. Belov [1, 2], in the presence of Ca++ions in solu-

tion, Si03"" polymerizes with the formation of

bands (SieOi?)^"", crimps (Si 12031)'*", and networks
(SieOis)^", at the basis of all of which lie woUasto-
nite chains, Si309.

With a certain degree of reliability, this scheme
may be transferred to the hydration processes of

C3S and the processes of the formation of calcium
hydrosilicates from lime and sand under hydro-
thermal conditions.

Thus, binders are salts and oxides with lowered
active coordinations of cations of the second group
of D. I. Mendeleev's periodic system: Ca, Mg,
etc., capable through this thermodynamic insta-

bility, or under conditions promoting the rise of

free energy of the system to create supersatura-

tions under the influence of water. The supersat-

urations permit crystallization through solution

of a considerable mass of an initial binder, with
the formation of stonelike solid strengthened by its

hydrate forms.
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Paper IV-SIO. Contribution to the Determination of the Heat of
Hydration of Clinker Minerals*

H. E. Schwiete and A. Tan Tik-Ien

Synopsis
The heats of hydration of C3S and /3-C2S were determined by means of the solution

calorimeter as a function of time. The results were compared with those of identified

hydration products.
The preparation of the tobermorite-lil<;e phase was studied as a function of temperature,

pressure and time. The minimum CaO/Si02 molar ratio of the clinker hydrates was deter-
mined from the measured heats of hydration.

These studies led to the conclusion that hydration in a shaking machine, with a water
factor of 50, results in a minimum CaO/Si02 molar ratio of 1.6 (C3S hydrate) and 1.7 (/3-C2S

hydrate), respectively.
Also studied was the effect of foreign oxides on the heat of solution of clinker minerals.

This effect was particularly marked for incorporation of AI2O3 and MgO. Furthermore,
when 2.5 weieht-percent AI2O3 and 1 weieht-oercent MgO were incorporated in C3S. thus
giving the chemical composition of alite, the heat of solution rose by 14.2 percent. When
these quantities of AI2O3 and MgO were added to the clinker as impurities a rise of 1.2 percent
in the heat of solution was observed.

Incorporation of C3A, and C3A and MgO, in C3S was also investigated. From the
totality of the intercalation experiments, there could be determined the variation in the free

enthalpy of the system and the quantities which represent maximum inclusion of foreign
oxides in the individual clinker minerals. This j'ields a conclusive proof, that in determining
the heat of solution of clinker minerals the nature and quantity of the impurities present
should be taken into account.

Resume
Les chaleurs d'hydratation de C3S et /3-C2S ont ete determinees au moyen du calori-

metre de solution en fonction du temps. Les resultats ont ete compares a ceux des produits
d'hydratation identifies.

La preparation de la phase semblable au tobermorite a ete etudiee en fonction de la

temperature, de la pression et du temps. Le rapport moleculaire minimum CaO/SiOa des
hydrates du clinker a ete determine a partir des chaleurs d'hydratation mesurees.

Ces etudes menerent les auteurs a la conclusion que I'hj-dratation dans une secoueuse,
avec un facteur d'eau de 50, resulte en un rapport moleculaire minimum CaO/Si02 de
respectivement 1.6 (C3S-hydrate) et 1.7 (/3-C2S-hydrate)

.

On a etudie egalement I'efTet des oxydes etrangers sur la chaleur de solution des mine-
raux du clinker. Get effet etait particulierement marque pour I'incorporation de AI2O3 et

MgO. De plus, quand 2.5 poids-% AI2O3 et 1 poids-% MgO etaient incorpores dans C3S,
donnant ainsi la composition chimique de I'alite, la chaleur de solution s'eleva a 14.2%.
Lorsque ces quantites de AI2O3 et MgO etaient ajoutees au clinker comme des impuretes
une elevation de 1.2% fut observce dans la chaleur de solution.

Des recherches furent faites egalement sur I'incorporation de C3A, et de C3A et MgO,
dans C3S. De la totalite des experiences d'intercalation on a pu determiner la variation
dans I'enthalpie libre du systeme et des quantites qui representent I'inclusion maximum des
oxydes etrangers dans les mineraux individuels du clinker. Ceci donne la preuve concluante
que lorsqu'on determine la chaleur de solution des mineraux du clinker il faut tenir compte
de la nature et de la quantite des impuretes presentes.

Zusammenfassung
Die Hydratationswarme von C3S und /3-C2S wurde unter Verwendung des Losungs-

kalorimeters in Abhiingigkeit von der Zeit bestimmt. Die Ergebnisse wurden verglichen
mit denen von definierten Hydratationsprodukten.

Die Herstellung der tobermoritahnlichen Phase wurde in Abhangigkeit von Temperatur,
Druck und Zeit untersucht. Das minimale CaO/Si02-Molverhaltnis der Klinkerhydrate
wurde aus den MeBergebneissen der Hydratationswarmen ermittelt.

Bei diesen LTntersuchungen konnte festgestellt werden, dafi bei der Hydratation in der
Schiittelmaschine und bei einem Wasserfaktor von 50 ein minimales CaO/SiOo-Molver-
haltnis von 1.6 (C3S-Hydrat) bzw. 1.7 (iS-CsS-Hydrat) entsteht.

Ferner wurde der EinfluI5 der Fremdoxide auf die Losungswarme der Klinkermineralien
untersucht. Der EinfluB war besonders stark bei Einlagerung von AI2O3 und MgO, weiter-
hin wurden 2.5 Gewicht-'/p AI2O3 und 1 Gewicht-'^;© MgO in C3S eingelagert, so dalS sich

die chemische Zusammensetzung von Alit ergab, dann stieg die Losungswarme um 14.2%.
Diese Mengen AI2O3 und MgO wurden als Veruin-einigungen dem Klinker beigegeben,
hierbei wurde nur ein Anstieg der Losungswarme von 1.2% beobachtet.

Ausserdem wurde die Einlagerung von C3A, und von C3.A..und MgO, in C3S untersucht.
Aus der Gesamtheit dieser Einlagerungsversuche konnte die Anderung der freien Enthalpie
des Systems und die Menge, die maximal an Fremdoxiden in den einzelnen Klinkermineralien
eingelagert sind, bestimmt werden. Daraus ergibt sich der eindeutige Beweis, daI5 bei der
Bestimmung der Losungswarme von Klinkermineralien auf die Art und auf die Menge der
vorhandenen Verunreinigungen Rticksicht genommen werden muI5.

•Fourth International Symposium on the Chemistry of Cement, Washington, D.C., 1960. Contribution from Institut fur Gesteinshiittcnkunde,
Rhein.-Westf. Technische Hochschule Aachen, Germany.
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Introduction

The determination of the heat of hydration of

C3S and ;S-C2S, respectively, was based on the

first law of thermodynamics, so that the heats of

solution of the substances participating in the

reaction could also be determined.

Determinations were also made of the heats of

solution of MgO, AI2O3, and C3A, which may
become incorporated in the C3S lattice, as well as
the heats of solution of C3S containing such inclu-

sions of foreign substances. The heats of solution
were determined using an acid concentration of

4A^ HF and llA^ HNO3 in a ratio of 1 : 1.

Change in the Heat of Solution of C3S With Incorporation of Foreign Substances

In accordance with a chemical formula for alite

(C54S16AM, established by Jeffery [1] ^ and con-
firmed by Miiller-Hesse and Schwiete [2] as well

as other authors, the C3S lattice can contain 0.97

percent (by wt) of MgO and 2.5 percent (by wt)

of AI2O3. The present part of this investigation

concerns the effect of increasing quantities of

MgO and AI2O3 in the C3S lattice on the magnitude
of the heat of solution of pure C3S.

The authors' tests have shown that a tempera-
ture of 1,350 °C and a temperature duration of

20 hr are needed to incorporate the above
mentioned maximum percentages by weight of

MgO and AI2O3 completely into the C3S lattice.

Figure 1 shows the changes in heat of solution

with increasing incorporation of MgO and AI2O3
in the C3S lattice. Curve 1 shows changes in

heat of solution with constant admixture of 2.5

percent (by wt) of AI2O3 and additions of MgO
increasing from 0.2 to 1.0 percent (by wt); curve
2 shows variation with constant admixture of 1.0

percent (by wt) of MgO and additions of AI2O3
increasing from 0.27 to 2.5 percent, curve 3 shows
variation in heat of solution with an increasing

admixture of MgO and AI2O3 in equal mole ratio.

A comparision of the three curves shows that,

in spite of quantitatively larger additions of

foreign oxides in the mixes shown in curves 1 and
2, the heat of solution is lower than that shown
in curve 3 for additions of foreign oxides that are

' Figures in braclvets indicate the literature references at the end of this
paper.

C3S i- increasing amounts of Al^ O3 + MgO in

Amount of addition , Mole percent 1^

FiGUEE 1. Heat of solution of C3S as affected by increasing
additions of AI2O3 and MgO.

gravimetric ally smaller but have the mix ratio of

1:1. This means that electron neutrality is not
attained with mixing proportions represented by
curves 1 and 2, i.e., the added foreign oxides are
not completely built into the C3S lattice.

The values for heat of solution shown in figure 1

can be used in the equation below to compute the
heat of formation of alite. This computation gives

83.1 cal/g, and the reaction is endothermic.

18 C3S+A+M^C54Si6AM+2S-AH

Incorporation of AI2O3 and MgO in the C3S
lattice produces an abrupt increase in tlie heat of

solution:

Heat of solution of cal/g

C3S 716. 4
802. 4Alite

This change amounts to 14.2 percent. This
result shows that the heats of solution of the MgO
and AI2O3 in the C3S lattice can not be interpreted

as additive. By adding the heats of solution of

MgO, AI2O3, and C3S for the percentages present
in alite, an increase of only 1.4 percent would be
obtained.

This sudden change in the heat of solution can
also be negative, as seen in tempering C3S with
C3A. In tests with mixes of 0.5 to 5 mole per-

cent of C3A with C3S a drop in the heat of solu-

tion from 7.0 to 6.4 percent was observed after

heating at 1,450 °C for 8 hr. With a 1-mole-
percent admixture of C3A in C3S the heat of solu-

tion is lowered from 716.4 to 660.9 cal/g, i.e,

there is a drop of 7.7 percent. Figure 2 shows
the course of the heat of solution curve as a

function of C3A-admixture in C3S.

With additions of more than one mole-percent
of C3A a rise in enthalpy of 1.5 cal/g per mole-
percent of C3A was obtained.

Addition of the heats of solution of C3S (716.4

cal/g) and 1.5 percent of C3A results in an increase

in the heat of solution of 1.2 percent. However,
the tests (see above) disclosed a drop. The heat
of solution of C3A at the above acid concentration

is 813.6 cal/g.

The maximum incorporation of C3A in C3S
amounts to 1.5 percent. This value was deter-
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Addition of C3A, weight percent12 3 4

0,5 1 2 3 4 5

Addition of C3A, Mole percent

Figure 2. Relation of heat of solution of C3S to incorporated
C3A admixture.

mined b}- plotting the algebraic sum of the

enthalpies against composition.
Further computations showed that the heat

change for incorporation of C3A in C3S is exo-

thermic. It amounts to 57.9 cal/g.

The fact that the measured change in enthalpy
can be different, as found in the incorporation
of AI2O3 and MgO or C3A in C3S cannot be inter-

preted for C3A (in contrast to AI2O3 + MgO) on
the basis of substitution in the lattice, since in

this case the change in enthalp}^ is negative.

From the statistical mole volumes we find that
the C3A lattice must be larger than the C3S lat-

tice. From this fact we can conclude that C3A
and C3S combine to form a mixed crystal (solid

solution).

The X-ray patterns of alite and C3S with incor-

poration of C3A show no differences. The tj'pical

interference of alite at d= 1.49 A found b}"

Midgley [3], was also observed when C3A was
incorporated in C3S.
When MgO was also incorporated in these

C3S-C3A mixed cr^^stals, the heat of solution be-

5 i 3 2 1

Addition of C^A
l^ole percent

I 2 3 i 5

Addition of l^g O, f^oie percent

Figure 3. E^ed of C3A and MgO on the heat of solution
of C3S.

gan to rise again. The maximum was reached
with a mixed crj^stal of C3S with 1 mole percent
of C3A and 2.5 mole-percent of MgO. With
greater addition of C3A, the heat of solution

again decreases (fig. 3).

This observation led to the conclusion that
only small additions produce sudden changes
(deviations) in the heat of solution, i.e., form a

mixed crystal. Further additions remain pres-

ent as original components along with the mixed
crystal. In this case the heat of solution is addi-

tive. From the above reasoning, it can be seen

that the solution-calorimeter values used hereto-

fore in computing the percentage composition of

clinker minerals are not suitable. In determin-

ing the clinker minerals in cements one cannot

start with the heats of solution of pure clinker

minerals. Rather computation of cement com-
ponents should be based on such substituted

clinker minerals as contain the quantities of for-

eign substances corresponding to those present in

the cement.

Preparation of Calcium Silicate Hydrates

Calcium silicate hydrates can be produced b}'

the following methods: (1) through a reaction of

calcium hydroxide on an aero-silica, or calcium
hydroxide and soluble silicic acid salts, such as

alkali silicates; (2) through the hydration of

tricalcium silicate or /S-CaS.

Preparation of Calcium Silicate Hydrates
From Ca(OH)o and an Aero- Silica or Alkali
Silica, Respectively

The heretofore known methods of producing
calcium silicate hydrates from Ca(0H)2 and an
aero-silica or soluble silicic acid salts do not yield
crystals without h3^drothermal treatment of the
specimens. To be sure, a white precipitate forms
when Ca(0H)2 solution and an aero-silica solution

or sodium silicate solution are combined or come
in contact with each other; however, it is not crj-s-

talline but X-ray amorphous. HA'drothermal
treatment of this precipitate requires 2 months, as

reported by McMurdie and co-workers [4] and
Tajdor [5]. A temperature increase is needed to

accelerate crj^staUization. This temperature in-

crease, however, is limited hy the following condi-

tions: (1) the stability of the calcium silicate hy-
drate products is a function of temperature; (2) at

temperatures above 400 °C the calcium silicate

hydrate formed is dehydrated into woUastonite.
The latter cannot hydrate.

To avoid these difficulties and yet achieve rapid
crystallization, the X-ray-amorphous precipitate

was subjected to hydrothermal treatment in a

nitrogen atmosphere at a constant pressure of 100
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atm and for a constant time. This method re-

sulted in the production of tobermorite in 10 days.

By simultaneously increasing the temperature sys-

tematically, various phases of tobermorite were
produced, which finally became converted into

xonotlite at 310 °C. The crystalline substances

obtained in this manner were studied using solu-

600-

o
o 550

.5 500-

^ 450-

3; T/me constant at 10 days

Pressure constant at 100 atm.

100 200

Temperature^ °C

300

Figure 4. The heat of solution of CSH produced hydro-

thermally at constant pressure {100 aim) and constant

time {10 days) as a function of temperature of treatment.

tion calorimetry and X-ray methods. As shown
in figure 4, a conversion of the X-ray-amorphous
substance into tlie crystalline state is accompanied
by a stepwise change in the heat of solution, i.e.,

each jump corresponds to a new formation, as indi-

cated by the X-ray charts (figure 5). From the
fact that no crystalline calcium silicate hydrate
can be obtained from a lime solution and sodium
silicate, and from the general trend of the hydra-
tion of C3S, one might suspect that hydration of

C3S proceeds topochemically. In further study of

the course of hydration, C3S was hydrated while
maintaining a CO2 pressure of one atm. All of

the lime was changed into calcium carbonate in

12 hr. This test leads to the following conclusions:

Had C3S hydrated topochemically, carbonation
should have lasted longer and calcium silicate hy-
drate should still have been present after 12 hr.

However, as no calcium silicate hydrate was found
after this time, the test shows that hydration pro-

ceeds by ionic reaction, and, in such manner that

calcium ions are appropriated by HCO3 ions, thus
preventing the formation of calcium silicate hy-
drate by the active calcium and silicic acid ions.

One must take into consideration that calcium and
silicate ions, directly ionized out of C3S, remain
active only for a very short time, during which
calcium silicate hydrate is formed if no foreign ions

10* m

Pressure consfonf at 100 aim.

Time constant at 10 days

T= Tobermorite, X-Xonotiite, Ta= Taylor Phase,

G=Gyrolite , A=A fwillite

.

Figure 5. X-ray charts of calcium silicate hydrates produced hydrothermally

at constant pressure {100 atm) and constant time {10 days) as a function of

temperature of treatment.

Bottom scale, angle B, to 30°. Top scale, d-spacing, from 18.7 A to 1.72 A. Top curve, T=20 °C;

others, T=75 to 225 °C (bottom curve) by 25° increments.
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are present with a greater affinity for calcium ions

than the siHcate ions.

Also to be noted is the presence of adsorbed
water in the calcium silicate hydrate, which causes
an endothermic effect on the DDC-curve at 160
°C (dynamic differential calorimeter developed by
Schwiete and Ziegler, fig. 6, curve 2).

Curve 1 shows the dehydration curve of moist-
ened CaCOa. This curve indicates that water was
not adsorbed in the lattice. This curve was used
as a calibration curve in evaluating dehydration
results at temperatures of about 100 °C. The
water which is driven off at 100 °C is designated
as "moisture" water. The double effect at 100
and 160 °C, respectively, is retained when calcium
silicate hydrate is dried with acetone and ether
prior to test (curve 2). Curve 3 shows the same
specimen after l}i hr of preliminary drying at 75
°C. One recognizes that this drying removed all

of the moisture water and part of the adsorptive
water. A similar specimen was first completely de-
hydral c :1, then wetted, and exaniined (DDC-curve 4)

.

Curve 5 shows a dehydrated, wetted, dehydrated,
and again wetted calcium silicate hydrate. With
preliminary drying of calcium silicate hydrate at

110 °C, the adsorptive water appears to be com-
pletely driven oft'; the DDC-curve becomes a
straight line.

The above tests indicate that the adsorptive
water removed at 160 °C is only loosely bound.
The binding forces of the crystal-adsorptive
water are greater than the binding forces between
adsorptive water and moisture water. It is

further revealed that adsorption of water takes
place slowly and is endothermic, in contrast to

clay minerals. Repeated dehydration renders
the surface of calcium silicate hydrates inactive,

i.e., it no longer adsorbs water. The heat of

adsorption amounted to 4.31 kcal/mole HjO.
After a single dehydration and a single wetting
it amounted to 1.39 kcal/mole H2O.

These dehydration phenomena were observed
with hydrotherm ally produced calcium silicate

hydrates as well as with C3S specimens hydrated
in water. In contradiction to this observation
is Taylor's [7] experience that this effect occurs
only in hydrotherm ally produced calcium silicate

hydrates. One can conclude that the properties
of calcium silicate hydrates are dependent on
the method used in their preparation.

Heat of Hydration

The heat of hydration was determined from
the results of solution calorimetry. When the
heat of hydration is plotted as ordinate and the
degree of hydration (course-of-reaction factor)

as abscissa, i.e., the CaO/Si02 mole ratio, the
curve shows a maximum (fig. 7).

The maximum occurs for calcium silicate

hydrates at a CaO/SiOo mole ratio of 1.6. The
heat of hydration amounts to 120 cal/g. If

hydration continues, the heat of hydration be-

—^ WO 160 Temp in °C — 700 130 140 Temp in °C

Figure 6. Dynamic-differenlial-calorimeter curve of water
loss in calcium silicate hydrate.

Preparation of Calcium Silicate Hydrates
Through Hydration of C3S or /3-C2S

In preparing calcium silicate hydrates excess

water was used in order to accelerate the reaction.

The water-silicate ratio was 50:1. Tlie prep-
aration was energetically shaken during the reac-

tion. Care was taken that no carbonation could
take place. To measure the progress of the
reaction the hydrated products were analyzed
and the liberated Ca(0H)2 determined. In ad-
dition, the calcium hydroxide was removed from
the solution at constant time intervals to permit
completion of the reaction. This removal was
necessary because hydration of C3S witli a defi-

nite water-silicate ratio results in an equilibrium

becoming established after a certain time. Thus,
Verbeck and Foster [8] could observe no further

rise in the heat of hydration after 1 or 6}^ yr.

It was the purpose of these investigations to

determine the heat of hydration of C3S. This
determination was to be carried out during
progressive hydration, i.e., the liberation of

Ca(0H)2 was to progress until a calcium silicate

hydrate with lowest CaO/Si02 mole ratio was
obtained, and finally decomposed into its original

components Ca(0H)2 and silica. In this way
the heat of hydration of C3S or j8-C2S was to be
determined as a function of the CaO/SiOo mole
ratio of the calcium silicate hydrates.

of Clinker Minerals

comes lower and ends in a decomposition of the

components into Ca(0H)2 and silica. The heat

of decomposition was established here as 62

cal/g. Tlie maximum indicates that calcium
silicate hydrate is most stable, in other words,

that free enthalpy is highest, when the entropy
of the solid substances is about the same. To
confirm this discovery Ca(0H)2 and a silicic

acid solution were mixed. The CaO/SiOo mole
ratio was varied. It was observed that a niix-
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FiGUEE 7. Heat of hydration of C3S and /3—C2S, respectively

,

as a function of CaO/Si02 mole ratio of the precipitate

{with removal of Ca(0H)2 during the reaction, and em-
ployment of a water-silicate ratio of 60:1).

ture with a CaO/Si02 mole ratio less than 1.6

forms no calcium carbonate after 2-yr in free air

and at room temperature. Above 1.6 the residual

calcium was converted by the CO2 of the air into

calcium carbonate. Similar observations were

reported by Steinour [9]. This test leads to the
conclusion that C3S cannot hydrate to calcium
silicate hydrate when the CaO/Si02 mole ratio is

below 1.6. In the hydration of /3-C2S this limiting

value was reached at a CaO/Si02 mole ratio of

1.7. The heat of hydration amounts to 52.7 cal/g.

Our values of the heats of solution agree with
those of Verbeck and Foster [8]. No comparison
can be made with corresponding test results

obtained by Brunauer [10], as he did not hydrate
his clinker minerals completely.

The heat of hydration of C3S with establish-

ment of a CaO/Si02 mole ratio of 0.81 amounts
to 69.9 cal/g of C3S for hydrothermally syn-
thesized calcium silicate hydrate, and 115 cal/g of

C3S for normally hydrated C3S. The corre-

sponding values for /S-C^S are 22.7 cal/g of C2S.

This difference in the values for normally \\y-

drated and hydrothermally produced calcium
silicate hydrate is inherent in the greater calcium-
ion adsorption in the interlayers of calciu n
silicate hydrate produced by hydrothermal
treatment.

The different heats of hydration of C3S or i3-C2S

show that the magnitude of the heat of hydration
depends not only on the degree of hydration, but
also on the CaO/Si02 mole ratio of the calcium
silicate hydrate formed. The results of measure-
ments are also dependent on the hydration
method used.
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Cement-quartz pastes
course of reaction at 85-200 °C 289
phases formed on hydration 287, 288
steam curing 285-290

Cement-silica pastes
autoclaved products 184

Cement-silica products
steam curing 197-203

Cement symposia
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formation 286
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absorption spectra 302
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Trass
chemical and mineral composition 1094
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creep 678
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absorption spectra 302
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microstructure 636
thermodynamic data 535, 539

X-ray diffraction
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preparation of samples 80
procedure _ 496
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suggested new techniques 467
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