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I. INTRODUCTION

As it has been shown within a comparatively few years 1 that

the main constituents of Portland cement of normal composi-

tion and normal burning are tricalcium aluminate (3CaO.Al
2 3),

tricalcium silicate (3CaO.Si0 2), and the beta form of dicalcium

silicate (2CaO.Si0 2), it becomes a matter of considerable im-

portance to study the physical properties of these compounds,

alone and mixed in various proportions. Of the various pltysical

properties usually demanded of hydraulic cements, those of

special importance are the strength developed by hardening (or

hydrating) and the rate of acquiring this strength. Conse-

quently, in the present investigation, the time of set; tensile

1 Preliminary Report on the Ternary System, CaO. AI2O3. Si02, A Study of the Constitution of Portland
Cement (Shepherd, Rankin, and "Wright), Jour. Ind. and Eng. Chemistry, 3, pp. 211-227, 1911; The Ternary
System, CaO. Ab03- SiC>2 (Rankin and Wright), Amer. Jour. Science, 39, January, 1915; The Constitution

of Portland Cement (Bates), Concrete and Cement Age (Cement Mill Section), 2, pp. 3
-
4> i9i3 ; The Con-

stitution of Portland Cement Clinker (Rankin), Jour. Ind. and Eng. Chem., 7, p. 466, 1915.

3



4 Technologic Papers of the Bureau of Standards

strength in the form of neat and i : 3 standard Ottawa sand

briquettes at the end of 24 hours, 7 days, 4, 13, 26, and 52 weeks;

and the amount of hydration at the end of the above-mentioned

periods were determined by both chemical and microscopic

methods on the above-mentioned compounds when used alone,

when mixed with approximately 3 per cent plaster of Paris, when
mixed with one another in about the proportion in which they

occur in normal Portland cement, and when mixed in these

same proportions with the addition of 3 per cent plaster of Paris.

There was also a short series of burns made in a stack furnace,

wherein the silica, lime, and alumina were burned together in

AGEINWEEKS
Fig. 1.

—

TJie percentage of water of hydration of the burns at the various periods

about the proportion in which they existed in the above-men-

tioned mixtures, thus obtaining cements in which the com-

ponents had all been burned together, as opposed to the mixture

when they had only been ground together.

While in this investigation only the three compounds men-

tioned were used, it must not be assumed that these are the

only hydraulic compounds which can result from either the

binary or ternary combination of silica, lime, and alumina.

Preliminary work in the laboratory has shown that in this sys-

tem there are a number of compounds which have the property

of hardening to strengths, at early periods, considerably beyond

the strength developed by Portland cement, but as these do not
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occur in this latter material and as this paper is confined to those

that do so occur, they are not included. 2 In addition to the

three compounds included in this investigation, there are four

others which may occur, namely, the 5:3 calcium aluminate

(5Ca0.3Al2 3), monocalcium aluminate (CaO.Al2 3), a ternary

compound (2CaO.Al2 3.Si02), and lime (CaO). These, how-

ever, occur only in cements of abnormal composition or of ab-

normal burning, and are consequently not considered.

II. METHOD OF PREPARATION OF COMPOUNDS

The difficulties encountered in making these compounds (es-

pecially the silicates) in small quantities, when approximately

pure, were so great that, since it was desired to obtain as much as

30 pounds of material, it was deemed advisable to discontinue

the attempts, but, on the other hand, to work toward as low an

amount of impurity as possible. In the case of the silicates,

preliminary work showed so much difficulty, when using a fairly

pure high-calcium limestone and a very pure grade of flint, in

obtaining a material free from the gamma form of the dicalcium

silicate that a search was made for a " mineralizer " (or so-called

mineral catalyzer) which would bring about the more ready forma-

tion of the desired silicate without that disturbing factor. For

this purpose the use of alumina was prohibited, since it was very

important to have the silicates as free from this as possible, be-

cause it has been found to affect their properties to a marked

degree even when present in small amounts.

A study of the addition of small amounts of the oxides of

nickel, vanadium, molybdenum, tin, magnesium, potassium,

tungsten, boron, and chromium to mixtures of silica and lime, in

the molecular proportion of one of the former to two of the latter,

and burning the mixture at a temperature of 1550 C for one

hour, showed that reversion to the gamma form of the dicalcium

silicate was prevented only in the case of the oxide of boron and

the oxide of chromium, the former being used in the form of

boracic acid and the latter as the green oxide. These substances

in amounts of less than 1 per cent entirely prevented the reversion

of mixtures in the ratio of 2CaO to Si02 to the gamma form with

one heating for an hour at 1550 C. Therefore, in this investiga-

tion two burnings of the dicalcium silicate were made, one with the

2 This statement is made to correct a too common impression that in the system Silica-lime-alumina

only those compounds which occur in Portland cement have the property of hardening on the addition of

water. The preliminary work mentioned above on ail the compounds of this system is being continued

on a larger scale, and at a later date a separate paper, covering the compounds not included in this paper,

will be issued.
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addition of the boracic acid and the other with the green oxide

of chromium. The former at 1550 C seemed to have approached

a little more closely to the fusion point than the latter, the burned

material being a hard glistening white cellular mass; when the

oxide of chromium was used, a rather soft mottled-green material

was obtained. The optical examination of this and the other

burns is given in Table 1 . (See also Figs. 2 and 6.)

In preparing the tricalcium silicate much more difficulty was
encountered. The first burnings with the addition of either the

boracic acid or chromium oxide produced a material which dusted

on cooling to gamma dicalcium silicate and free lime. A second

burning of the dusted material gave a similar result, though not

to quite as marked a degree. The material was then reground

and reburned. The reduction in the amount of dusting was very

marked, and on grinding the material and adding water it set to

a mass which in the course of 24 hours expanded to disintegration.

A fourth reburning of the same material gave a product which

dusted but slightly and showed in the undusted parts considerable

amounts of beta dicalcium silicate and free lime, also an appre-

ciable amount of the tricalcium silicate. This, when ground,

hardened with water and did not show any signs of disintegration

within 24 hours. It was reburned a fifth time, producing a

material which did not dust and was largely tricalcium silicate,

though beta dicalcium silicate and free lime were noted. When
ground, it hardened on the addition of water, and when subjected

to an atmosphere of steam for four hours (at the end of 24 hours

after gauging with the water) it showed no signs of disintegra-

tion. It was, however, reburned a sixth time, the resulting prod-

uct being very largely tricalcium silicate. The results of its

optical examination are shown in Table 1. (See also Figs. 4

and 8.)

The usual trouble of making tricalcium aluminate was encoun-

tered, namely, the use of too high a temperature, resulting in a

product which was 5Ca0.3Al2 3 plus free lime. The tricalcium

aluminate is not stable at its melting point, decomposing as

noted above. While its melting point is known, the melting point

of the material used, which contained impurities, was not known;

consequently, while a temperature about 50 C lower than the melt-

ing point of the pure compound was used, it was still too high.

On regrinding and reburning at a temperature of about 1350 C for

several hours, a very satisfactory compound was obtained, as can

be seen in Table 1 , from the results of the optical examination.



Technologic Paper No. 78

Fig. 6.

—

The same section as figure 2 (2CaO.Si02 shown with crossed nicols)

but reproduced in black and white (Xpo)

Fig. 7.

—

The same section as figure 3 (burn 35 shown with crossed nicols) but
reproduced in black and white (Xp?)
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Fig. 8.

—

The same section as figure 4 {burn Jc? shown with crossed nicols) but
reproduced in black and white (~Xigo)

Fig. 9.

—

Thin section of burn 36, very largely jCaO.Si02 , examined with
crossed nicols

If reproduced in color it would be but little different than as shown, appearing black, if

in the position of extinction, to grayish white. Note the lack of definite outline when
compared with burn 35 (2CaO.Si02 containing about the same amount of AI2O3).
(X90.)
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In addition to the above, there was burned a dicalcium-silicate

mixture of the limestone and flint to which approximately i per

cent of alumina and one-quarter per cent of boracic acid were

added. These two additions were also made to a tricalcium-

silicate mixture of the same flint as used above, but another lime-

stone which, while of equal purity so far as silica and alumina

were concerned, contained about 50 per cent more magnesia.

The effect of these additions and impurities was very marked in

permitting the ready burning of a satisfactory product, only two

burnings being necessary. These two burnings (hereinafter re-

ferred to as "35" and "36") gave a dicalcium and a tricalcium

silicate, respectively, of greater impurity than the two first

mentioned and were made for the purpose of determining the

effect of the increased alumina on the properties of these com-

pounds. (See Figs. 3, 7, and 9.)

Three further burnings, 37, 38, and 39, were also made of mix-

tures containing silica, lime, and alumina in such proportions as to

give cements corresponding in composition to that obtained by the

mechanical grinding together of the three pure compounds.

These mechanical mixtures were made, first, in the ratio of 81

parts of dicalcium silicate to 19 tricalcium aluminate, giving a

material analyzing, on the basis of pure compounds, 28.3 per cent

Si0 2 , 7.2 per cent A12 3 , and 64.5 per cent CaO; second, in the

ratio of 81 parts of the tricalcium silicate to 19 tricalcium alumi-

nate, giving a material analyzing 21.3 per cent Si02 , 7.2 per cent

A12 3 , and 71.5 per cent CaO; and third, in the ratio of 40.5 tri-

calcium silicate, 40.5 dicalcium silicate, and 19.0 tricalcium

aluminate, figures which correspond to 24.8 per cent Si02 ,
7.2 per

cent A12 3 , and 68.0 per cent CaO. The first of the above would

correspond to the extreme limit in a high-silica, low-lime, Portland-

cement clinker; the second to a low-silica, high-lime one, and the

last to a normal clinker. 3 The last three burnings were made to

determine whether it was possible to obtain a product having hard-

ening and other physical properties similar to that of another

product of like composition, but obtained by the mechanical mix-

ing of the constituents after their separate burning ; in other words,

to find if it be possible to reproduce any cement, in which the

amount of the various constituents had been determined, by the

simple grinding together of these constituents, previously sepa-

rately burned, in the proportion in which they were found to

exist in the cement.

3 These figures refer to clinker analyses and not finished cement analyses, which would show also the
added plaster, absorbed water, and carbon dioxide.
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III. GRINDING AND MIXING OF THE COMPOUNDS

In Table 2 is shown the proportions in which the various sepa-

rately burned constituents were mixed together, and the reference

marks by which the cements so prepared were identified. Here-

after, in order to condense as much as possible, these reference

marks will be used when referring to a particular mix, instead of

giving the complete composition of each. Furthermore, as in the

case of the burns of the purer compounds, where two separate

burns were made, one containing boracic acid asa u
mineralizer "

and the other chromium oxide, so here also there were two classes

of mixtures of similar composition but containing the different

" mineralizer." Those made from the burnings in which boracic

acid was used will be referred to as "white;" those in which the

chromium oxide was used as "green."

The mixing was done in a porcelain ball mill, using only a few

small pebbles, the purpose being only to mix and not to grind,

since the latter operation had been performed on each burn sepa-

rately. While possibly this method did not give as intimate a

mixture as the grinding together would have done, yet the mixing

in this manner was undoubtedly sufficiently intimate after the

mills had been run three hours.

The grinding of the burns by means of pebbles in a porcelain

mill was not as satisfactory as was desired, the uniformity of fine-

ness desired for each not having been obtained. Whereas a prod-

uct showing a fineness of about 80 per cent through a 200-mesh

sieve was wanted, this was exceeded in too many cases, owing

largely to a difference in the degree of vitrification of the material

and a lack of experience in grinding such small quantities of

material. The fineness of the different burns were as follows:

2CaO.Si02 (white)

2CaO.Si02 (green)

3CaO.Si02 (white)

3CaO.Si02 (green)

3CaO.Al2 3

35

36

37

38
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IV. TIME OF SET OF THE MIXED COMPOUNDS

Possibly of as much importance as the time of set was the

nature of the gauged mass when kneaded with water, especially

in regard to the degree of plasticity developed and the relative

amount of heat evolved. These two items as well as the time of

set and amount of water to form a mass of normal consistency

(by the ball method) are summarized in Table 4. More detail than

can be readily placed in tabular form is necessary in order to

clearly understand these various phenomena, consequently each

of the compounds will be discussed at some length separately as

to the immediate effect produced upon them by kneading with

water aldne and when mixed together in the various proportions

mentioned before.

1. TRICALCIUM ALUMINATE

This compound can not be kneaded with water by hand. The

addition of water results in the immediate hydration, accompanied

by the evolution of so much heat that the mass boils. The reac-

tion is even more rapid, and apparently as much heat is evolved

as in the case of the hydration of normally burned quicklime. In

the latter case there is not much likelihood of incomplete hydra-

tion, but in the case of this aluminate, even when used in the

powdered form, it quickly agglomerates into balls which hydrate

on the exterior to hard masses which prevent the penetration of

the water to the interior ; consequently, large masses of unhydrated

material are present. Therefore, in gauging this material with

water, an amount of water equal to about 40 per cent of the

weight of the compound to be used was placed in a mortar and the

compound added gradually accompanied by continued grinding

with the pestle. About one minute after adding all of the com-

pound it was necessary to add about 10 per cent more water to

reduce the mass to normal consistency. This mass was even

then full of small grains of material hydrated only on the exterior.

No time of set was obtained. Time-of-set test pieces, when
placed in the damp closet, seemed to stiffen considerably in the

course of a day, enough to sustain the small Gilmore needle at

the end of three hours; at the end of three days they would
sustain the large Gilmore needle, but if then examined under the

surface they were found to be quite soft, so that the entire mass

could be kneaded in the hand (without any further addition of

water) to as plastic a mass as it was at first. This ability of the

aluminate to work up into a plastic mass, at the end of long periods

47222°—17 2
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after its first having been gauged with water, is very striking;

and furthermore, as will be noted later, it confers this property

upon the cement which is obtained by mixing it with the silicates.

This property of acquiring plasticity, to a certain degree, after

acquiring an initial set has been frequently 4 noted in the testing

of Portland cement. This return to a plastic mass will take place

in Portland cements of normal composition which do not contain

much of the tricalcium silicate. The presence of this latter com-
pound, which, as will be shown later, hydrates rapidly, would
mask this phenomenon.

The addition of plaster of Paris in amounts equal to 3 or 10

per cent of the weight did not make any marked difference in the

amount of heat evolved or in the other general properties of this

aluminate which result when it is mixed with water. The amount
of water necessary to make either the aluminate alone or the

aluminate with plaster addition workable was greatly in excess

of that usually required by cement. Thirty per cent of water,

which would be a large amount for a normal cement, was hardly

sufficient to make the mass appear more than damp. The evo-

lution of heat was much localized in such a case, resulting in a

very high temperature, which evaporated a considerable amount
of the water; the use of 50 per cent gave a much more uniformly

wet mass and one that could be molded.

2. DICALCIUM SILICATE

The kneading of the dicalcium silicate with water produced no

more plasticity than would have resulted from the substitution

of ground quartz of equal fineness for the silicate. There was no

appreciable evolution of heat. There was an apparent set ob-

tained, but this was really a drying out and could hardly be called

a true set resulting from hydration. When the plaster had been

added to this silicate a result only slightly different was obtained;

possibly more plasticity was produced, but the time of apparent

set was not changed.

The addition of tricalcium aluminate to dicalcium silicate pro-

duced quite a marked change, noticed immediately by a rapid

and strong evolution of heat, which produced an initial set before

the test pieces could be molded. Consequently, the initial set

noted in Table 4 is the initial set of the material regauged without

the addition of any more water. An initial set of 22 minutes was

*McKenna, Metallurgical and Chem. Eng., Vol. X, No. 2, p. 83; Burchartz, Eng. Record, 1909, p. 661;

Garry, Concrete and Constructional Eng., 1906, p. 356; Bates, Trans. Am. Cer. Society, Vol. XVI (19*4)'

P- SSI-
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obtained when this mixture was kneaded for one-half a minute

and immediately made into a test piece, but longer kneading

reduced the initial set to a flash. If this mass after the flash set,

when it seemed quite hard, was kneaded further, it was reduced

to a consistency much thinner than that required for normal con-

sistency. Of course this condition was brought about entirely by
the presence of the aluminate, as it was noted very markedly in

the investigation of this compound alone, but was lacking entirely

by the dicalcium silicate. There was also a marked increase in

the plasticity and lack of granularity in the mortar resulting from

the mixture of these two compounds.

The addition of 3 per cent of plaster to the mixture of dical-

cium silicate and tricalcium aluminate produced a very quick

initial and final set. This appeared also to be more of the nature

of a true set, and not due to a drying out produced by excessive

heat evolution but rather to a hardening due to hydration. The

heat evolved was less than when plaster was not used, but still

marked and undoubtedly was sufficient to cause the early final

set by accelerating the chemical process of hydration. The

mortar was also marked by a decided increase in plasticity and

smoothness.

The mixes in which dicalcium silicate was the only silicate pres-

ent produced pats which would not be considered sound after the

steam treatment. There was, with one exception, no sign of

cracking or warping, but the pat gave a very dull ring. One pat

was disintegrated. The entire behavior of the pats was due,

however, to lack of sufficient strength and sufficient density to

give them a normal appearance. The results do not show lack

of soundness as that term should be understood, which produces

disintegration, due to expansive force produced by the hydration

of abnormal constituents, usually free lime.

3. TRICALCIUM SILICATE

This compound when gauged alone with water had all the

properties of normal Portland cement, excepting a slightly inferior

plasticity. When it contained 3 per cent of plaster, it even had
the plasticity of Portland cement, but its initial set was consider-

ably quicker. The addition of tricalcium aluminate produced a
very plastic mass, which also gave off much heat and produced a

very quick set; plaster reduced the heat evolved and slowed up
the initial set. The mixture of the silicate and the aluminate

showed, but to a very slight degree, the property of being regaug-

able to a plastic mass after the initial set without the addition of
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water. It will be remembered that this was very characteristic

of the aluminate alone and also when mixed with the dicalcium

silicate. Apparently, in the present case, the hydration of the

tricalcium silicate has proceeded to such an extent at this short

period that such regauging is impossible unless more water is

added.

The mixture of the two silicates resembled Portland cement
after gauging with water, though it was decidedly more sandy.

The addition of plaster to this mixture increased the plasticity,

and again decidedly reduced the time of set. The addition of the

tricalcium aluminate reduced the time of initial set to a flash set

and also reduced the final set somewhat more than one-half and
was accompanied by a decided evolution of heat; it also made a

very plastic workable mortar. The addition of aluminate and

plaster reduced the heat evolved somewhat, increased the time of

initial set, but reduced the final set and also produced a very

workable plastic mortar. All pats were very hard and gave a

very good ring, except the mixture of the two silicates and alumi-

nate. Here, again, the effect of the aluminate can be readily

traced. It produced a flash set, accompanied by so great evolu-

tion of heat that the final set was really a drying out. Conse-

quently, the pat had not hydrated sufficiently in 24 hours to have

density enough to give a proper ring.

4. BURNS 35 TO 39

It will be recalled that there were five other bums used, one of

which was of the composition of the dicalcium silicate containing

about 1 per cent alumina, another of the composition of tricalcium

silicate containing 1 per cent alumina, and the other three approxi-

mately of the composition of mixes SA, 3SA, and 3SSA. A
comparison of the results from these burns, shown in Table 4,

with the results from the mixes is very striking. Thus, note the

similarity between 35 and S, 35P and SP, and 35AP and SAP.

At the same time the effect of the increased alumina in 35 is

noticeable, particularly in reducing the time of set. Burn 36 and

the mixes produced from it show very clearly its relation to the

tricalcium silicate. Burn 37, approximating 3SA in its compo-

sition, exhibits many of the latter's properties, and when plaster

is added to it, it exhibits the same results as were obtained by

adding plaster to 3SA, an increase in the time of initial set and

but slight change in the time of final set. Burn 38, approximately

SA in its composition, is not so close in its properties as would be

expected from the other similar relations shown. This is due to
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the nature of the dicalcium silicate and tricalcium aluminate when

produced in the same burn; they do not show the distinctly

granular form or individuality of crystalization that characterizes

the presence of the tricalcium silicate. They are invariably

present together without any distinct outline and fused into one

another; consequently, after grinding, the dicalcium silicate,

being greatly in predominance and fused around the aluminate,

prevents the ready access of water to the latter and thereby

increases the time of set of such a burn as 38 over that shown by

such a mix as SA, and also prevents the evolution of heat. (It

should be borne in mind that the time of set for SA, shown in

Table 4, is the time of the regauged material.) The resemblance

between 39 and 3SSA is more marked, but again the effect of the

dicalcium silicate in the burn is shown by its preventing the quick

hydration of the aluminate and thereby preventing the evolution

of heat.

Before concluding under the general topic of time of set it

would be well to summarize.

1. The tricalcium aluminate hydrates so rapidly and with an

evolution of so much heat that it can not be made into test pieces

except with large quantities of water. As much as 10 per cent of

plaster does not reduce the rapidity of this reaction.

2. The dicalcium silicate hydrates so very slowly that a true

time of set can hardly be said to be obtained. It does hydrate

and does set, but this is a matter of days and not hours, and con-

sequently the time of set, as now determined, can not be said to

be obtainable.

3. The mixtures of dicalcium silicate and tricalcium aluminate

have the properties of the aluminate.

4. The tricalcium silicate approaches very closely Portland

cement of normal composition.

5. The mixtures of the tricalcium silicate and dicalcium silicate

have the general properties of the former.

6. The mixtures of tricalcium silicate and tricalcium aluminate

show the ability of the former to materially modify the properties

of the latter.

7. Mixtures of the two silicates and the aluminates show the

effect of the presence of the aluminate more markedly than any
of the other constituents.

8. Burns (Nos. 35-39) of a composition approximately that of

certain mixes (SA, 3SA, 3SSA, etc.) have properties of a most
striking resemblance to that of the mixes.
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V. STRENGTH OF THE TEST PIECES

Of almost equal interest to the actual strengths developed was
the matter of the nature of the fracture and the general question

of denseness, particularly the increase of denseness at any period

over the preceding one; all of these factors are shown condensed
in Table 5.

This table gives the strength of all test pieces broken. The
amounts of material available, unfortunately, did not allow of the

making of more than two tensile test pieces for more periods than
those shown, and while these are not as concordant as wished,

yet the results do show the general properties of each compound
very distinctly.

1. TRICALCIUM ALUMINATE

The results of the time of set of the tricalcium aluminate show
certain properties of this compound which are corroborated by
the strengths developed by it. It did not have the property of

hardening under water ; even if kept in the air for a year and then

placed in water, it soon crumbled away. The addition of 3 per

cent of plaster did not materially change it; 10 per cent gave test

pieces which had practically no gain in strength, but, on the other

hand, showed at later periods signs of disintegration in the form

of a network of cracks on the outside. The fracture was very

granular at all times, with no evidence of crystallization visible to

the naked eye. The specimen containing 10 per cent of plaster and

broken at the expiration of one year showed three distinct concentric

zones. The outer one, about one-sixteenth of an inch thick, of a

very friable nature, was mainly the carbonation product following

the hydration. The next zone, of a thickness about equal to the

outer one, was distinctly darker in color, fairly dense, andverytough,

and was marked by the greatest amount of crystallized products,

especially needles and hexagonal plates of hydrated tricalcium

aluminate, a marked amount of gypsum, and a less amount of small

needles of tricalcium sulphoaluminate (3CaS04.3CaO.Al203 + H20).

The rest of the interior of the briquettes was again soft and was

composed mainly of the amorphous hydrated tricalcium aluminate,

though the crystallized variety of this compound was very evident;

the amount of gypsum and sulphoaluminate in it was distinctly

less than in the second tough zone.

2. DICALCIUM SILICATE

The dicalcium silicate is the compound which is always considered

as giving the late strength to normal Portland cement, but just

when it begins to hydrate sufficiently to impart more strength was
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Fig. io.—The waist of a neat briquette of 2CaO.Si02 stored in water away
from contact with the air

The water not having been renewed, soon became saturated with Ca(OH)2, which later
deposited on the briquette, and after nine months appeared as shown. These crystals are
colorless, as is seen in several cases where the light has been normal to their surfaces;
the more prominent ones are milky white, owing to air occlusion. Also note the
crazing on the surface of the briquette. (X2.25,)

Fig. 11.

—

The large Ca(OH) 2 crystal seen in the left center of figure 10,

removed and photographed with a black background (X20)
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not known. Alone, even when containing as much readily hy-

drating material (alumina) as shown by the chemical analysis, it

had so little strength at the period when Portland cement is usually

tested that it is almost negligible, even though it is the major

constituent. Almost one-third of the test pieces were lost on

attempting to remove them from the molds at the end of 48 hours

;

at the end of 7 days they could be crushed readily in the hand;

at the end of 2 weeks one test piece broke at 69 pounds and another

at 53 ; no attempt was made to break any at 4 weeks, as apparently

they had hardened but little since the 2-week period, but at the

end of 13 weeks they had attained a strength of slightly over 500

pounds. They showed but little gain in strength between that

period and 1 year. This is due to the character of the hydration,

which is very slow and furthermore yields a product that is

almost entirely amorphous, coating the exterior of the grains and

preventing further access of water. The test pieces were very

granular even at 1 year, with a marked lack of denseness, and

do not possess a stone-like appearance; this structure allows the

deposition of large crystals of lime hydrate. (See Figs. 5 and 10

to 1 7.) While Klein and Phillips 5 were not able to note the forma-

tion of these crystals in the hydration of the dicalcium silicate,

they have since noted their formation on microscopic slides, when
the amount of water present was very small compared with the

amount of material ; but when repeating their previous manipula-

tion with relatively small amounts of dicalcium silicate and large

amounts of water, the crystals again did not form. This former

condition is fulfilled in the case of a test piece. These crystals are,

however, not numerous, but are of a size to be easily noted by the

naked eye after the six-month period.

The addition of either plaster or tricalcium aluminate to this

compound causes a slight increase in strength at all periods. It

was even possible to make 1
:
3 mortar specimens and to be able to

remove them from the molds at a reasonably early period, though

there was but little increase in denseness; but when plaster and
the aluminate were added at the same time, the increase of dense-

ness was quite evident, especially at the later periods. This was
accompanied, however, by a decrease in strength (less than that

shown when either of the two materials was used alone with the

silicate) by the neat test pieces, but an increase was shown by the

sand test pieces.

No satisfactory explanation is offered of this difference in rela-

tive strength of the neat and mortar test pieces, depending upon

6 Tech. Paper No. 43, this Bureau.
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whether the aluminate or plaster alone or these two together have

been added to the dicalcium silicate. All the test pieces show
consistent gain, but in the former case it has been much greater

than in the latter, excepting the mortar test pieces, where the

presence of the plaster and aluminate together has produced a

greater gain. While the neat test pieces of the latter mixture

show a greater denseness at the one-year period than any of the

others, yet it is difficult to see, if an increase in this characteristic

accompanies an increase in strength, why it should not affect both

the neats and mortars in the same manner. While this increase

in denseness may result in time in a setting up of strains, causing

low strength, such can not be the case here, since the granular

nature of the test pieces is still too pronounced (see Fig. 18) and

also since the production of internal strains would hardly allow

of increasing strengths such as shown.

3. TRICALCIUM SILICATE

The part of the tricalcium silicate in adding strength to normal

Portland cement has not been studied, neither has its effect been

a matter of much conjecture, as its presence has not been known
definitely and differentiated from the tricalcium aluminate suffi-

ciently long. As "alite" it has been assumed to give the early

strengths, but "alite" includes, apparently, both the tricalcium

aluminate and the tricalcium silicate, though all the optical data

given by the various investigators using these terms are too

indefinite to enable one to decide just what compounds are

included under this name.

This compound alone had all the properties of Portland cement

when gauged with water, either as a neat or a mortar test piece.

The addition of plaster increased the early strengths somewhat,

but did not affect the later ones; the aluminate when added to this

compound, containing the oxide of chromium, caused a decided

decrease in strength, but acted like plaster with the compound
containing the boracic acid. (This is the only case when either

the dicalcium or tricalcium silicate containing the chromium or

boron oxide did not act similarly.) Plaster and the aluminate

together also gave high early strengths. The addition of dical-

cium silicate to the tricalcium silicate caused a decided decrease

in early strength with a very good increase later. The addition

of plaster and the aluminate, either alone or together, to the

mixture of the two silicates increased the early strengths and,

while still showing good gains at the last period, still they had not

reached the limit developed by the silicate mixture alone.
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Fig. 12 .—A crac£ in the thin section of the one-year briquette of jSSA , examined
with crossed nicols

The white material along the edge of the crack is Ca(OH)2. (X165.)

Fig. 13.

—

A crack in the same thin section from which figure 12 was made,
examined with crossed nicols

The white material along the edge is CaCC>3. A number of rounded voids are seen
to the left of the crack. These contain white imperfectly developed needles of
3CaO.Al2O3.XH2O (hydrated tricalcium aluminate). ( X 165.)
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The relative denseness of the test pieces at different periods was

very interesting. (See Fig. 18-20.) > The tricalcium silicate at 28

days was almost vitreous and glistening in appearance. The

addition of any material but the plaster decidedly decreased this

denseness, this being particularly marked at the early periods.

While the denseness increased with age, yet the test pieces made
of all mixtures, excepting the tricalcium silicate and plaster, did

not break with the conchoidal smooth surface of the former, but

either with a rough surface as when the dicalcium silicate was

present or with a surface of a large number of smooth intersecting

faces as when the aluminate was present. (See Fig. 20.)

4. BURNS 35 TO 39

• The burns 35 to 39, as under time of set, again have a striking

similarity to the mixtures which they approximate. The very

low strengths of 35 and 38, which approximate the dicalcium

silicate or its mixtures, are striking when the strengths of the

latter are referred to. The addition of plaster to both of these

burns, or aluminate to 35, has acted very much as the addition of

these to the dicalcium silicate. The resemblance of 36 and 37 to

the tricalcium silicate and its mixtures is just as striking.

Summarizing this discussion of the strengths of the individual

compounds or their mixtures, it is quite evident that the dicalcium

silicate adds but little to the strength of the mixture until after

28 days; that the tricalcium silicate has attained the greater part

of its strength in 7 days; that the addition of plaster causes

an increased early strength; and that the aluminate, without the

presence of plaster, instead of adding strength decreases it.

VI. RATE OF HYDRATION

In order to correlate the strength developed by the various

compounds with the rate of hydration, one of the test pieces for

each period, after breaking and having had its surfaces quickly

removed on an emery wheel, was crushed into small pieces and
dried a little below ioo° until it was sufficiently dry to allow of

further grinding in a mortar without caking. The material, then

ground until all passed a 100-mesh sieve, was dried at 102° until,

after two hours heating, it would not show more than one-tenth

of 1 per cent loss in weight. The ignition loss over a blast lamp
and the amount of carbon dioxide were then determined on the
sample thus prepared, the results being shown in Table 6 and
Fig. 1 , the ignition loss including the carbon dioxide.

47222°—17 3
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These results are open to some criticism. The products of

hydration are such that they lose water of hydration below the

temperature at which they were dried. The gypsum resulting from
the hydration of the plaster of Paris and the tricalcium sulpho-

aluminate resulting from the hydration of the aluminate and the

plaster of Paris are of this nature, as is also possibly the hydrated
tricalcium aluminate; the hydrated silicates, which are largely of

a gelatinous or colloidal nature, also undoubtedly lose water

slowly. But even under these adverse conditions the results

undoubtedly show the relative amounts of hydration of the various

compounds, and they also show very strikingly the difference in

the rate of hydration of each and how this is affected by the

presence of a second or third compound, as in the mixtures.

Taking first the question of the addition of plaster to any of the

compounds or their mixtures, it is noted that this addition has

produced but a slight change; further, it is noted that this slight

change is most marked at the early periods. This agrees entirely

with the strength results, where it was noted that the most marked
effect of the addition of plaster was a slight increase at the early

periods.

Next considering the individual compounds, the great difference

which was shown between these in the rate and amount of develop-

ment of strength is even as clearly shown in the rate and amount

of hydration at different periods. The aluminate was so clearly

unevenly hydrated that it was not deemed advisable to waste

much time in determining the amount of water at the various

periods, but such determinations as were made clearly show that

the compound hydrates almost immediately and rather com-

pletely. This hydration, as is common with most compounds

hydrating so quickly and with such a rise of temperature, did not

result in the development of strength. The dicalcium silicate at

the end of one year had less than 6 per cent of water of hydration,

and had gained only about 1% per cent since the 13 weeks period.

During this same length of time it had gained but little in strength.

While no determination of the amount of hydration at 28 days

was made, it was shown that it had gained nearly all of its strength

between 28 days and 13 weeks. The tricalcium silicate between

the 24-hour period and the i-year period doubled the amount of

hydration, but between the 28-day period and the i-year period

it gained only about 15 per cent; it had also gained all of its

strength at 28 days—in fact, nearly all of it in 7 days.

The addition of the aluminate to the dicalcium silicate or

mixtures of the two silicates produced apparently a very marked
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Fig. 14.

—

A void in a thin section of the one-year briquette of 2Ca0.Si0o

The void, appearing white, apparently empty, extends almost entirely across the field. (X90.)
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Fig. 15.—TAe mwe as figure 14, but examined with crossed nicols

Shows the void, all but one end, filled with Ca(OH)2. It also shows more distinctly
the difference between the hydrated (black) and unhydrated (white) silicate. Com-
pare also with figure 5, where this is reproduced in its true color. (X90.)
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increase in the amount of water of hydration in the mixture at

all periods; but taking into consideration the amount of each

compound present and its water of hydration as determined at

any period, a simple calculation will show how much water of

hydration should be present in any mixture at the same period.

Such a calculation shows that the aluminate has not produced in

any chemical or physical-chemical manner a very marked in-

crease of hydration for that period in the silicates. Thus, 3SSA
is composed of 40.5 per cent dicalcium silicate, the same amount
of tricalcium silicate, and 19 per cent tricalcium aluminate; this

mixture, made from the silicates containing the oxide of chro-

mium, should have had 1.86, 4.53, and 3.68 per cent water, respec-

tively, at 13 weeks for each of the compounds in it, or a total of

10.07 per cent. The determination made on the mixture at that

period showed 10.97 per cent. A similar calculation for 3SA
gives 12.75 and 13.83 per cent for the calculated and determined

amounts, respectively; and for SA 7.38 and 8.62 per cent, respec-

tively. At the later periods the aluminate has not increased

the hydration any more, as can be readily seen on inspecting the

values for the year period.

The mixture of the two silicates at any period seems to contain

a little more water of hydration than it should have according

to the calculation. It would appear, therefore, that one of the

silicates had produced an increased hydration in the other, but

this amount is very slight—but little more in amount "than ap-

peared, in the case of the addition of the aluminate to mixtures,

between the calculated and determined values of the hydration.

When the results showing the rate of hydration of burns Nos.

35 "to 39 are examined, it is noted that they follow very closely

the purer compounds and the mixes made therefrom. Such
might not appear to be the case, when the results of No. 35 at

one year (9.56 per cent water) are compared with the results of

S (5.50 per cent water) for the same period, and remembering that

No. 35 contained only about 1.2 per cent alumina, being a dical-

cium silicate raw mixture burned with a small amount of alumina

as an impurity and mineralizer ; but it should also be remembered
that the result of this burning was not only the dicalcium silicate,

but also some tricalcium silicate. Also No. 36, an impure tri-

calcium silicate raw mixture, contains some dicalcium silicate

when burned, and consequently at the end of one year the water

of hydration as determined was less than the tricalcium silicate

3S. The addition of plaster had the same effect on the burn as

on the pure compound. The addition of more aluminate to 35
and 36 has not increased the rate of hydration of either.
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The discussion of the results shown in Table 6, in connection

with the results shown in Table 5, shows how the rate and amount
of hydration follows the rate and amount of development of

strength; but it is also seen in a large number of cases that, while

the amount of hydration is increasing, the gain of strength has

reached a maximum. This is especially noticeable in the case

of the tricalcium silicate and the mixtures in which it forms the

greater part. During its hydration a large amount of colloidal

matter is formed which, with continued action of water, absorbs

an increasing amount of water with a resulting increasing dense-

ness of the test piece. This property of colloidal matter of ab-

sorbing very large amounts of water in a comparatively short

time undoubtedly develops to a marked degree the strains in the

test pieces produced by the original inability to make these uni-

form. In the case of the dicalcium silicate much less colloidal

matter is produced by its hydration, and the long-time test pieces

show marked granularity and openness of structure ; the strength

developed by this compound tend to show an increase in longer

periods over those developed by the tricalcium silicate.

While the microscopical determination of the rate of hydra-

tion showed that at a very early period nearly all the tricalcium

silicate had hydrated, yet it does not follow that this hydration

is complete. Microscopically, the compound has hydrated when
it has lost its optical identity but, part of the product of the

hydration being colloidal, this latter may hydrate further (ab-

sorb more water) over very long periods. It may in fact absorb

so much that it will lower its cementitious qualities, at the same
time expanding very greatly in volume, as can be very readily

shown by shaking up cement, either fresh or ground test pieces,

with large volumes of water for various long periods. This latter

was done with the year-test pieces of S (green) and 3S (green),

about 1 2 grams of the ground material being shaken several times

in the course of a day for one month with 200 cc of water. The
water was then removed and after drying to constant weight at

102 C the former was found to contain 6.7 per cent water and the

latter 14.5 per cent, as compared with approximately 5.3 per cent

and 1 1.3 per cent in the test pieces. With this increase in hydra-

tion the apparent volume increased to five times its original value.

Hydrated Portland cement as a binder must be considered

largely as an inorganic glue, and furthermore it has many of the

properties of an organic glue; in other words, it is largely a re-

versible colloid. Fish or bone glue which has been used to

cement two bodies (as two pieces of wood) together will, if placed
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Fig. 16.

—

A thin section of a one-year briquette of jSS

This is a void which shows a slight indication of the presence of transparent colorless
crystals. (X165.)
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Fig. 17.

—

The same as figure 16 but examined with crossed nicols and show-
ing the void almost filled with Ca(OH) 2 crystals (X165)
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in water, swell to such an extent that it will lose all its adhesive

properties; if allowed to dry out, it will reach such a stage that

it will again recover all its cementitious properties, and if further

dried it will again lose this, being reduced to a very friable material.

Portland cement acts in a somewhat similar manner, though

ordinarily this can not be followed as readily, owing to the char-

acter of the materials cemented together. These are invariably

very dense and do not allow the ready access of moisture to the

cement. Also, the collodial matter formed from the cement does

not allow so ready a passage of moisture; but the increased ab-

sorption of water can be readily followed by the increased dense-

ness of neat test pieces, as noted when broken after various lengths

of time (see Fig. 21), and the increasing loss of water can also

be as readily followed by drying out long-time test pieces, in

an atmosphere free from carbon dioxide, by the increase in dull-

ness of luster and chalkiness in the hydrated material.

The results of the investigation would make it appear as if

the presence of alumina was undesirable; thus, it has not improved

the strength of either silicate, neither has it materially increased

their amount of hydration, and it has tended to produce an un-

favorable quick set. The presence of piaster has been necessary

to offset partly these undesirable properties. Undoubtedly the

question of the presence of alumina is one of a manufacturing

necessity more than anything else. It is necessary as a flux

in the burning of the clinker; without it the manufacture of ce-

ment, as it is now effected, would be a commercial impossibility.

The tricalcium silicate with all its desirable properties is at the

present not a manufacturing possibility from an economic stand-

point. The dicalcium silicate, which could be manufactured,

could not be used on account of its very slow set. Therefore, by
adding alumina to a raw mix, the temperature of clinkering is

reduced to economic commercial possibilities, and by decreasing

the lime content to an amount approximately halfway between

a dicalcium and a tricalcium silicate, a clinker is obtained which

contains both the tricalcium and the dicalcium silicates, which
are really necessary for both early and later strengths. Un-
doubtedly commercial Portland cement, when produced with

very low alumina, gives very unsatisfactory results at early

periods. In such cases the reactions have proceeded so far short

of completion that great quantities of free lime are present,

which necessarily gives poor cement. But the alumina must be
considered a manufacturing necessity and only a means toward
our end; in itself in the finished cement it is of a somewhat
doubtful value.
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VII. MICROSCOPIC DETERMINATION OF THE RATE OF
HYDRATION

At the periods at which test pieces were broken microscopic

examination was made of the broken pieces to determine the rela-

tive amount and kind of the hydration products. Also some thin

sections of the test pieces, as well as polished surfaces of the same,

were made and examined. This part of the investigation is of

value more for the determination of the kind of the hydration prod-

ucts and the effect of one compound on another in the mixtures

than for obtaining an exact idea of the relative amount of the hydra-

tion. When it is remembered that the dicalcium silicate showed

by chemical analysis an increase of only 1.25 per cent water of

hydration between 13 weeks and 1 year, the difficulties of com-

paring microscopically the hydrated products of the two periods

can be appreciated. A description of the hydration compounds
and of the optical constants of the crystalline hydration com-

pounds has already been given by Klein and Phillips.
6

No examination of the briquettes of S, SA, or SP was made
before the 13-weeks period. At this period there was no difference

distinguishable in the amount of hydration of the dicalcium sili-

cate of either of these three and, further, by far the major portion

of it was unhydrated. Crystals of lime hydrate were noted; the

rest of the products of hydration were amorphous, except that

there were present some of the crystalline variety of the hydrated

aluminate, when this compound was present in the mixture, and
gypsum crystals when plaster had been added. The only differ-

ence noted at the later periods was a slight increase in the amount
of the crystalline variety of the hydrated aluminate.

When plaster as well as the aluminate had been added to the

dicalcium silicate, the crystalline tricalcium sulphoaluminate was
noted at the first period at which briquettes were examined—four

weeks. The crystals were very minute and scattered through the

amorphous products of hydration. The aluminate at this period

was practically completely hydrated and the amount of the crys-

talline variety of the hydrated product was greater than when the

plaster was not present in the mixture (SA) . At the later periods

the only changes noted were a comparatively slight increase in the

amount of amorphous products of the hydration of the dicalcium

silicate and an increase in the amount of crystalline variety of the

hydration of the aluminate at the expense of the amorphous
variety. Lime hydrate crystals were noted at all periods, not

many in number, but large in size and well developed.

6 Tech. Paper No. 43, this Bureau.
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Fig. i 8.

—

Fractures as obtained in the testing machine of neat briquettes

broken at various times

Upper, right, one-day briquette of 3S; left, seven-day briquette of 3S. Lower, right,
one-year briquette of S; left, one-year briquette of 3S. Note the increased denseness
of the 3S briquette, also the rate at which this denseness has increased, at seven days
being almost as dense as at one year; note also the year briquette of S, which compares
favorably with 3S at one day for lack of denseness. ( X3.)
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Fig. 19.

—

Fractures obtained in breaking some of the briquettes of burns 35
and 36

Upper, right, burn 36, one-day briquette; left, burn 35, one-day briquette. Lower, right,
burn 36, six months; left, burn 35, six months. Note the increased denseness at the
six months' period. (X3.)
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The tricalcium aluminate seemed to hydrate a little more rapidly

when increasing amounts of plaster were present, but even at 13

weeks with 10 per cent of plaster there was still some unhydrated

aluminate. (Note, however, the difficulties mentioned previously

in gauging this compound with water.) It could not be posi-

tively stated that the addition of the plaster caused an increased

rate of the transformation of the amorphous variety of the com-

pound to the crystalline, this transformation depending more upon

the time factor. The aluminate test pieces at one year showed

complete hydration, the product being largely of the amorphous

variety; the crystalline variety existed as hexagonal needles and

plates distributed through the mass (see Fig. 13); the sulpho-

aluminate needles occurred in the same manner but were very

minute.

The tricalcium silicate showed at the end of 24 hours consider-

able hydration to an amorphous mass of hydrated silicate and

minute crystals of lime hydrate. At the end of seven days the

major part of the silicate was hydrated to the same products,

while at the end of four weeks but little unhydrated compound
remained. From this period on there was but little change; the

silicate appeared always amorphous and the lime hydrate was

distributed in very minute, poorly formed crystals through the

mass. The latter compound did not show as good a develop-

ment as when noted under conditions where its growth was unim-

peded, e. g., when on surfaces of briquettes or on microscopical

hydration slides. Its growth was hindered by the simultaneous

rapid formation of amorphous hydrated silicate, and consequently

it was noted either in very small individual crystals or in radialites.

The former were for the most part allotriomorphic, i. e., they did

not show their own crystal form. The radialites were small, round,

and consisted of crystallites radiating from a common center.

With plane polarized light and crossed nicols these never showed
total extinction. Only those crystallites were in extinction whose
optical directions were parallel to the vibration directions of the

nicols, while the rest of the spherulite showed interference colors

of the first or second order. In cavities within the briquettes the

development of calcium hydroxide crystals was unrestrained, and
fairly large, well-developed, hexagonal plates were noted.

The addition of plaster had produced a hardly noticeable

increased hydration of the silicate at the end of 24 hours; after

this period these test pieces could be distinguished from those

not containing plaster only by the presence of minute gypsum
crystals. The effect of the addition of tricalcium aluminate to
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tricalcium silicate was similar to that produced by the addition of

plaster to the compound; the aluminate in this mixture hydrated
in the same manner as it did by itself, though it did go over to the

crystalline variety more rapidly. The addition of both aluminate

and plaster to this silicate produced no changes not already noted,

except of course the appearance of the very minute sulpho-

aluminate crystals scattered through the amorphous mass.

The mixture of dicalcium silicate and tricalcium silicate (3SS)

hydrated as did the individual compounds; the former showed
the first marked indication of hydration at four weeks and the

latter showed almost complete hydration at the same period.

The addition of aluminate or plaster, or both of these, to this

silicate mixture did not produce any effect upon the products of

hydration of either of the silicates, and in turn they were not

very materially affected, with the possible exception of a greater

development of the crystalline variety of the aluminate.

The examination of the hydrated burns (Nos. 35 to 39) showed
the same general course of reaction as in the compounds—almost

complete hydration of the aluminate at the end of 24 hours, a

very rapid hydration of the tricalcium silicate almost completed

in 28 days, and the very slow hydration of the dicalcium sili-

cate—just starting at 28 days and very incomplete at the end of

1 year. The lime hydrate appeared in much larger crystals in those

test pieces that were high in ortho-silicate, largely because these

are very granular, with plenty of fair-sized voids in which they can

grow unrestrained; whereas very dense test pieces, high in trical-

cium silicate, allowed these crystals to grow more rapidly on

account of the greater amount of lime freed by hydration, but

caused them to form in a very minute form scattered through the

mass of the amorphous hydrated silicate. The addition of

plaster to these burns increased the hydration of the dicalcium

silicate to a slight extent, this being particularly noticeable at

the 28-day periods; other than the appearance of sulphoaluminate

and gypsum crystals, no other differences were noted. The

addition of aluminate to burns 35 and 36 produced no marked

change in the former, but in the latter there was apparently a

much greater increase in the amount of tricalcium silicate hydrated

at 7 days than when this compound was not present.

Following the progress of the hydration by the microscope

shows, therefore, that the dicalcium silicate does not start hy-

drating to any marked extent before 28 days, and that it then

forms an amorphous hydrated silicate and crystalline lime hydrate.
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Fig. 20.

—

Fractures obtained in breaking in the testing machine various
briquettes of S and 3SA

Upper, right, 3SA broken at one year; left, 3SA broken at seven days. Lower, right, 3S
broken at one year; left, 3S broken at seven days. Note the lack of evenness of the
fracture which the aluminate produced in the briquette, and also the large number of

short, rather wide cracks. These usually contained crystalizedCa(OH)2. (See Fig. 12.)

CX3O

Fig. 21.

—

Fractures obtained in breaking at different periods neat briquettes

of a commercial Portland cement

Upper, right, broken at one day; left, broken at seven days. Tower, right, broken at
one year; left, broken at four weeks. The rate of decrease of sandiness with increase of

age is very noticeable. ( X 3 .

)
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The latter in time grows to large crystals (Figs. 10, 11, 14, and 15)

,

owing to the very slow liberation of the lime and because the lack

of denseness of the test pieces provides voids in which it can grow

unrestrained. The tricalcium silicate hydrates almost com-

pletely in 28 days to an amorphous hydrated silicate and minute

crystals and radialites of lime hydrate scattered through the

mass of amorphous material. The formation of the fine crystals

in place of large crystals, such as form in the dicalcium silicate,

is due to the fact that the conditions accompanying their liberation

and formation are just the opposite of those obtaining in the

case of the dicalcium silicate. The tricalcium aluminate hydrates

very rapidly to amorphous tricalcium aluminate without any

liberation of Urne. After a short time the crystalline variety is

formed at the expense of the amorphous. When this compound
is mixed with other materials the rate of hydration and change to

the crystalline variety is more rapid than when masses of it alone

are gauged with water, owing to these preventing its agglomerating

into masses, the interior of which hydrates very slowly. Mixtures

of the silicates alone, or with the aluminate, or with plaster,

or with plaster and the aluminate, differ but little from the

hydration of the compounds alone, though apparently the tri-

calcium silicate reacts a very little more rapidly in the presence

of the aluminate or plaster. When aluminate and plaster are

present, very minute needle crystals of tricalcium sulphoaluminate

are produced, in addition to gypsum crystals, which always appear

when plaster is present.

VIII. CONCLUSIONS

1. At early periods the constituents of Portland cement of

normal composition and manufacture, in the order of their strength-

conferring properties, are: Tricalcium silicate, tricalcium alumi-

nate, and dicalcium silicate.

2. At periods beyond 28 days the dicalcium silicate gains suffi-

cient strength to place it almost on an equality with the tricalcium

silicate.

3. Tricalcium aluminate containing 10 per cent plaster gains

practically no strength after the first period at which it was
tested; that is, 24 hours.

4. Tricalcium silicate of the purity used in this investigation

(90 per cent 3 CaO.Si0 2 in one case and 95 per cent in the other)

has all the important properties of Portland cement, especially

those of the "rate of setting" and strength developed.
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5. Dicalcium silicate, such as used in this investigation, sets

too slowly and attains strength too slowly to be of any commercial

value when used alone.

6. Tricalcium aluminate alone, as used in this investigation,

sets too rapidly and attains too little strength to be of any com-
mercial value as a hydraulic cementing material.

7. Tricalcium aluminate, when used to replace about 19 per

cent of the dicalcium silicate (which is approximately the amount
of aluminate present in Portland cement) adds somewhat to the

strength of the latter at the later periods. This mixture when
used with the addition of 3 per cent of plaster gives lower strengths

than the silicate alone, as neat test pieces, but as a 1
:
3 mortar the

strengths are higher than any of the dicalcium silicate mixtures

not containing the tricalcium silicate.

8. Tricalcium aluminate, when used to replace about 19 per cent

of tricalcium silicate, did not add to the strength of the latter,

showing rather a slight tendency to decrease it. The addition of

3 per cent of plaster gave higher early strengths but lower later ones.

9. Tricalcium aluminate, when used to replace about 19 per

cent of a mixture of equal parts dicalcium and tricalcium silicate,

increased the strength at 24 hours and 7 days, but decreased it

at the later periods. The addition of 3 per cent of plaster increased

the strength at all periods

10. Plaster of Paris, when added to any of the compounds or

mixtures of those studied, generally increased their strength.

This effect is more marked at the early periods.

1 1

.

The amount of water of hydration of any of the compounds

at any period is not a measure of the strength developed, as the

dicalcium silicate at one year with 5.5 per cent water of hydration

has a strength almost as great as the tricalcium silicate with 11.5

per cent, whereas the tricalcium aluminate with 26.4 per cent has

a strength of less than 100 pounds per square inch.

12. The dicalcium silicate hydrates to a very granular porous

mass which allows of ready egress of solutions and, while it is

chemically more resistant to the action of solutions than the

tricalcium silicate, yet it furnishes a great number of voids in

which salts may crystallize out of solution, and it is consequently

very little able to resist the mechanical action of the "freezing

out " (crystallization) of salts from solution.

13. On the other hand, the hydrated tricalcium silicate with its

very dense structure, composed of gelatinous (colloidal) silicate
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interspersed with crystals of lime hydrate, is probably very

susceptible to strains produced by alternate wettings and dry-

ings, colloidal material of this kind being subject to considerable

volume change resulting from slight moisture changes.

14. It appears, therefore, that the composition of Portland

cement should be along lines which would not produce a great

preponderance of either silicate. The ideal cement should possi-

bly have an excess of the dicalcium silicate, which would give a

not too dense hydrated material, gaining strength at later periods.

A lesser amount of the tricalcium silicate would furnish the

desired early strength and also overcome the excessive porosity

of the dicalcium silicate.

15. It is possible to make a cement that will have the properties

of Portland cement by grinding together the previously separately

burned constituents in approximately the amounts in which they

exist in Portland cement.

16. The function of tricalcium aluminate in the finished cement

is somewhat problematical. A cement with less than 1 per cent

of alumina has all the properties of Portland cement. Such a

cement is, however, not a commercial possibility from the manu-
facturing standpoint, on account of the temperatures and amount
of burning involved. To state, however, that the aluminate in

the finished cement is of the nature of a diluent or inert material

would be drawing a conclusion which, while justified by the

present investigation, requires further confirmatory work.

17. The actual products of the hydration are those noted by
Klein and Phillips, 7 excepting as noted before the case of the

dicalcium silicate, when apparently during the hydration of this

compound lime hydrate is formed.

In carrying out the work in connection with this paper the

authors have had the assistance of A. C. Nothstine and J. C. Evans
in making the chemical analyses, and E. R. Gates in making and

superintending the making of the physical specimens.

"Washington, February 26, 19 16.

7 Tech. Paper No. 43, this Bureau.
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