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ABSTRACT

The results of chemical and microscopic analyses and heat-of-solution measure-
ments on samples of commercial portland cement clinker are reported. Differ-
ences between quantitative microscopic analysis and compound composition
calculated from chemical analysis have systematic relationships with chemical
composition of the clinker. The heats of solution calculated from compound
composition by microscopic and by chemical analysis show fair correspondence
with the observed heats of solution. Assumptions on which both methods of
calculation are based are shown to be somewhat faulty.
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I. INTRODUCTION

It has long been recognized [1]! that many of the properties of
concrete are dependent in part on the relative proportions of the com-
pounds which are present. Determinations of the contributions of
individual compounds to the properties of cements and concretes
[2, 3] have been based on the assumptions of previous investigators
that the cement clinker is completely crystalline and that no more
than six phases—3Ca0.Si0,, 2Ca0.5i0,, 3Ca0.Al,0; 4Ca0.AlLO;.
Fe, 03, free Ca0, and free MgO (periclase)—are present.

1Figures in brackets indicate the literature references at the end of this paper.
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The accuracy of such methods depended in large part on the validity
of these two assumptions. The recent development of a method for
the microscopic examination of polished and etched specimens of

portland cement clinker using reflected light [4, 5] permits ready dis-
tinction of the constituents and precise determination of the boun-
daries of individual crystals. The combination of this method with
one for measuring the relative amounts of the different constituents
makes possible a quantitative and qualitative comparison of the
phases actually present in the clinker with those calculated from the
chemical analyses.

It is the purpose of the present paper to make such comparisons for
a series of commercial cement-clinker samples * and to compare the
heats of solution obtained by calculation from both microscopic meas-
urement and chemical analysis with the experimentally determined
heats of solution.

II. MATERIALS

Twenty-six different samples of clinker were available for this study
from five different sources. These included ten samples of “modified
low-heat’” (type B) clinkers representative of nine brands of cement
used in dam construction by the Tennessee Valley Authority (desig-
nated by index letter T), three samples of clinker representative of
“modified low-heat”” cements used in the construction of the Tygart
River Dam, West Virginia (designated with index letter W), and two
samples of clinker representative of ‘‘low-heat’”’ cements used in the
construction of Boulder Dam (index letter B). A fourth source was
a group of 50 samples of clinker obtained through the generous coop-
eration of Dalton G. Miller, senior drainage engineer, U. S. Depart-
ment of Agriculture (index letter M). Ten samples showing wide
variations in composition were chosen from this group after a study
of the analyses of the corresponding cements. A single sample ob-
tained from the manufacturer (index letter P) is listed because its
Al,O; and Fe,0; content is low and its CaO content high.

The pure compounds used for the determination of heat of solution
were obtained from several sources. Tricalcium aluminate and
4Ca0.Al,0;.Fe,0;, which were procured from William Lerch, were
examined microscopically and found to be essentially homogeneous.
Samples of CaO and MgO were obtained by heating the chemically
pure carbonates at about 1,400° C and f2Ca0.5i0, was made by
heating CaCO; and SiO, in the proper proportions together with an
amount of H;BO; sufficient to give 0.2 percent of B,;0; in the final
product.

III. METHODS AND APPARATUS

1. PREPARATION OF SAMPLES

The samples of commercial clinker weighed from 1 to 2 kg. About
one-third of each sample was so crushed as to avoid the production of
a large amount of fine material and then sieved. The material passing
a No. 4 and retained on a No. 14 sieve was used for the experiments,
one portion being reserved for chemical analysis, another for micro-
scopic examination and a third for heat-of-solution measurements.

2 Some preliminary quantitative results on a small number of clinker samples were given in a paper by
Swenson and Flint [6].
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2. CHEMICAL ANALYSIS

The usual methods of quantitative analysis were used for all deter-
minations except those of the alkalies, in which case the J. Lawrence
Smith method of decomposition was followed by the determination
of Na,0 by precipitation as sodium zinc uranyl acetate and of K;0
as potassium chloroplatinate. Free CaO was determined by the
ammonium-acetate method [7].

3. MICROSCOPIC EXAMINATION

For examination in polished etched preparations by reflected light
the crushed clinker sample was placed in a shell vial of about 1.5 cm
inside diameter and immersed in Bakelite BR 0014 liquid resinoid.
The preparation was evacuated in a vacuum desiccator by means of
a faucet aspirator for 2 or 3 hours and then heated in an oven at about
80° C for about 15 hours. The temperature was then raised to 100° C
and the heating continued about 7 hours or until the Bakelite was
thoroughly hardened. After breaking the vial away, the lower sur-
face of the preparation was ground down with No. 150 silicon carbide
and water on a rotating lap until the clinker grains were exposed.
Final grinding was done by hand with emery and alcohol on a slab
of plate glass. The specimen was carefully washed with alcohol and
polished with rouge and alcohol on a canvas-covered disk rotating
at about 1,200 rpm. The polished sections were examined with a
vertical illuminator [5].

A Wentworth recording micrometer [8] was used for quantitative
microscopic analysis. This instrument has five micrometer screws,
each one of which moves the specimen independently across the field
beneath the reference cross hair in the eyepiece. The micrometer
screw assigned to a particular constituent (phase) in the clinker is
used for traversing grains of that constituent. The readings on the
micrometer heads at the end of a complete traverse record the total
linear intercepts for the different constituents. A series of traverses
were made on each specimen, consecutive traverses being spaced at
constant intervals. The specimens were of such a size that 11 trav-
erses, 1 mm apart, could be made. Assuming uniform distribution
of constituents of sufficiently small grain size, the ratios of the linear
intercepts of the constituents are equal to the vclumetric ratios of the
constituents in the specimen. The average of the micrometer read-
ings on five different preparations was taken for the analysis of each
sample brand. The average deviations from the mean were less than
42 percent for most samples. In recalculating volume percentages
to weight percentages, the density values were as follows: g2C20.SiO,,
3.28 [9]; 3Ca0.5i0,, 3.13 [10]; 4Ca0.AL,0;.Fe,0;, 3.77 [10]. Because
the composition of the glass phase is variable and indeterminable, a
value of 3.00 for the densu:y of 3Ca0.AlLO;, found by averaging two

reviously determined values [10, 11] was used for the total “dark
Interstitial” material.

The preparations were first etched with water for 2 seconds, imme-
diately rinsed with alcohol and dried. This etching served to distin-
guish free MgO, free CaO, and crystalline “dark interstitial”’ material
[12] from the rest of the clinker constituents. After quantitative
microscopic analysis for these three constituents, the preparation was
etched for 3 seconds in a 1-percent alcoholic solution of HNO; to
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differentiate 2Ca0.Si0,, 3Ca0.Si0,;, 4Ca0.Al;0;.Fe,0;, and total
“dark interstitial”’ material.
As a part of the qualitative examination, all samples were examined

_petrographically mounted as powders in liquids of known refractive

index. Thin sections and polished thin sections [12] were also made
of a few samples.
4. HEAT OF SOLUTION

The heats of solution of the clinker samples and of the pure com-
pounds were determined at 25° C with an isothermal calorimeter
previously described [13, 14], in a solvent consisting of a mixture of
648.5 g of 2. 500 4+ 0.002 N HNO; and 11.5 g of reagent quality HF
(48 percent). All experimental heats of solution were calculated on
an ignition-loss-free basis. The values of the heats of solution of the
pure compounds which were used in the computation of the heats of
solution of the clinkers as derived from chemical and microscopic
analysis are given in table 1. Differences between these values and
those given by Lerch and Brownmiller [15] for the same compounds
may be attributed to differences in calorimeters and to volumes and
concentrations of the solvents used. In calculating the heat of
solution of glass, a value of 700 cal/g was used. This value repre-
sents an approximate mean of the values reported by Lerch and
Brownmiller [15] for glasses with the same range in Al,O;/Fe,O; ratios
as the clinker samples in the present paper.

TABLE 1.—Heats of solution of pure compounds

Heat of so- Ignition
Compound lution loss
callg Percent
o e R S S he £E 0 DRSS RO E 0 B B8 8 UL S T LR S R 639 0.51
L IREYE SR S R S RN S N LRI, S R RN T S il 572 |
4Ca0.A1,03.Fe203.__ 8 592 .14
3Ca0.Al203. . ___ £ i A spien ot i 799 3]
MgQe. s asiony 0 i paseiiy e el et 876 (2)
(01 TR ATE R ST L AT S s WA BT 16 MRS 4 (OVRe RTINS O 848 (%)

a MgO and CaO were freshly ignited.

IV. RESULTS
1. QUANTITATIVE DETERMINATIONS

The results of chemical analysis, quantitative micrescopic analysis
and heat-of-solution determinations are given in table 2. In order to
facilitate comparison of results, the values for corresponding con-
stituents as found by calculation of the compound composition ac-
cording to the Bogue method [16, 17] and by microscopic analysis are
given in adjacent columns. The designations C;S (3Ca0.Si0;) and
C.S (2Ca0.8i0,) are used for both calculated compound composition
and microscopic analysis. The constituent designated “light inter-
stitial”’ by microscopic analysis is considered equivalent to CAF
(4Ca0.ALO;.Fe,03) by calculation, and the constituent designated
“total dark interstitial”’ by microscopic analysis is considered the
nearest equivalent to C;A (3Ca0.ALO;) by calculation. The values
given in the column headed ‘“‘crystalline dark interstitial” are for



TABLE 2.—Compositions and heats of solution of commercial clinker samples

[All quantities excepting oxide composition are calculated on an ignition-loss-free basis)

Oxide composition Free CaO CsS CsS Light interstitial Total dark interstitial |Dark interstitial Heat of solution e
Free Calcu- | Caleu-
Siinker Source®! 1,08 (mitro Chemi-| Micro- | Calcu- | Micro- | Differ- | Calcu- | Micro- | Differ- | 310" | Micro- | Differ- | $31°U | Micro- | Differ- | CIYs- (%]%Sc sg) Ob ttom | from ?::8:
igni-| Si0; | Fe:0: | AlOs | CaO | 8Os | Nax0 | K20 | MgO i emisAeidros) Galed- ) A oRc, LU EE foualcts i ieos | DICHER TS N [ CEORIGLIE o0 [Slateq | S tiba O gt e g aqut RGN0 q icro- - | ratio

 on. 810z | Fes0s =l . ! 2 80 |scopic) | “oa) | ‘scopic |lated b | scopic | ence | lated b | scopic | ence CoAlr v| scopic | ence | R, | scopic | ence | i served ?é:f;loc Ifc?l?llld

analy- | compo-

sis e |sition?t

% % % % % o o %% % % % % % % % % % % % % % % callg | callg calfg
/8 0.25 22.02 4.90 4.20 03, 86 0.23 0.07 0.27 4.31 25 0.8 L 52.8 48 —~b 26.3 29 3 14.9 18 3 3.0 2 =1 14 114 3 632 621 629 0. 86
T 22 21. 98 5.99 5.35 64. 40 .15 19 1.61 <Yy oX <Y 490.8 46 —4 25.6 27 1 18.2 25 7 4.1 2 -2 <Y 2 5 625 610 620 .89
B 97 23. 62 5.90 5.38 61.74 07 83 48 0.70 <Y 0 <Y 27.3 30 3 48.1 43 -5 18.2 2 2 4.3 7 3 4 3 (4) 603 610 598 .91
w 50 | 20.66 6. 84 6.22 | 62.46 69 29 64 1.55 <M .5 <l4| 4L0 38 -3 29.0 27 -2 21.0 30 9 5.1 5 0 Ly 415 (O] 616 625 613 .91
B 7 | 22.16 5.81 5.38 60. 02 07 92 26 4.52 3 .05 <Yl 39.0 37 -2 32.9 33 0 18. 0 23 5 4.3 4 0 145 215 5 615 618 618 .92
T .83 22.16 5.21 4. 77 63. 18 25 17 31 3.08 115 .4 <Y 46.7 54 7 28.9 23 —6 15.9 19 3 4.1 215 -2 1 2 v 630 619 621 .92
L .36 21.03 5.01 5.08 63. 14 47 12 48 4.39 24 1.0 1 48.3 52 4 4.7 22 -3 15.2 20 ] 5.1 245] —3 <Y 215 [C) 634 624 634 101
& 3.1 22.20 3.80 4.08 | 62.52 12 07 .42 3.73 1% 1.6 <Y| 46.7 50 3 30. 4 27 -3 11.9 18 6 4.7 3 -2 14 25 (9) 635 619 629 1.07
T 0.41 20.31 5.13 5.77 | 62.59 78 18 1.16 3.73 2 0.5 <l4| 45.2 51 6 25.7 21 -5 15.5 22 6 6.7 3l =3 1 215 6 627 623 619 1.12
T .12 21.40 4. 90 5. 50 62. 30 58 15 0.31 4.78 2145 vk <¥| 43.9 46 2 28.4 28, 0 14.9 21 6 6.5 23] —4 1% 2 3 628 618 626 ; 1.12
3 .06 21.10 4. 90 5. 50 65. 26 07 13 46 2.27 1% 9 14 57.0 60 3 A7 11 -7 14.9 23 8 6.5 5 =2 ] 414 12 643 627 634 1.12
3/ .35 23.52 4.31 4.81 63. 94 10 17 23 2.52 114 5 <Y 40.5 42 1 37.1 33 —4 13.1 20 y 5.7 3 —3 <Y 3 0 624 613 615 1.12
T 1.99 22. 50 4. 40 5.38 64. 10 06 07 23 1.22 <Y 8 <Y 44.3 50 6 32.3 29 —3 13.6 18 4 7.2 3 —4 115 124 (4) 619 616 617 1.22
w 0. 66 21.76 5.12 6.30 64. 34 32 03 44 0.96 <Y 8 14 42.2 47 5 311 24 -7 15. 6 24 8 8.3 4 4 L 3% (4) 626 616 622 1.23
w .47 22.26 5.05 6.33 63. 24 73 11 66 1.24 <Yy 6 1 33.5 35 1 39.0 34 -5 15.4 25 10 8.5 5 =4 1 4 5 613 610 613 1.25
M .89 | 22.48 4.01 5.37 64. 48 .32 .15 . 56 1.76 <Yl o <Y| 48.6 51 2 28.4 23 -5 12.3 23 11 Ta b 3 -5 14 2V 11 629 620 623 1.34
.38 24.18 2.22 3.84 66. 84 .03 .25 .28 2.15 <l o8 ¢ <Y 58.6 65 6 25.4 18 -7 6.8 12 5 6.4 5 -1 3 2 8 638 628 633 1.73
M 141 21,28 3.90 6.94 | 65.12 .32 .18 .50 1.60 15 .2 <l 47.3 51 4 25.3 17 —8 11.8 22 10 12.4 9 -3 5 4 5 632 629 632 1.78
M .87 19. 62 3.50 7.24 | 66.62 .59 .20 .60 0.84 <l .5 14 64.3 69 5 8.2 3 -5 10.7 10 -1 13.6 17 3 8 9 13 647 651 629 2.07
M .20 2150 3.22 6.80 | 66.78 .12 .10 .21 1.00 <Y .5 <l 551 57 2 20.3 17 -3 9.8 11 1 12.8 15 2 12 3 (9) 638 643 642 2.11
M .15 19.74 3.11 7.89 | 66.48 .25 .08 .68 1. 60 <Yy .8 115 58.5 63 5 12.7 7. —6 9.5 7 -3 15.9 21 5 11 10 (4) 646 658 651 2.53
M .52 22.10 1.98 5.22 | 65.68 .19 .30 .43 3.86 - .9 1 56.7 67 10 20.8 11 -10 6.0 6 0 10.7 13 2 6 7 (4) 652 649 644 2. 64
M 11 20. 48 2.93 7.85 | 66.48 .39 .14 .62 1.22 1 .8 1 53.0 54 | 18.7 14 -5 8.9 10 1 16.0 20 4 14 6 (9) 639 656 644 2.68
M 273 22. 50 1.99 5. 55 62. 63 .45 .34 1.08 4.72 5 .5 <Y 37.9 47 9 36.1 26 —10 6.1 7 1 12.4 15 3 6 9 (9) 641 646 630 2.78
M .48 | 21.08 2.21 6.39 66. 92 .04 .13 0.14 2.61 1 1.6 2 58.5 71 12 16.7 3 —14 6.8 5 -2 13.4 18 5 8 10 13 660 661 654 2.89
A0 Pl GG S M .27 1 23.10 1.97 7.35 | 65.44 .08 .19 .39 1.29 <Yl 0.6 <Y| 352 41 6 39.8 35 -5 6.0 6 0 16. 4 18 2 14 4 (G 631 637 619 3.73
» Index letters indicate source as follows: 7'="Tennessee Valley Authority type B clinker; W=Tygart River Valley modified “low heat’” e Heats of solution used in calculations:

clinker; M=Miller’s Series; B=Boulder Dam “low heat’’; P={rom producer.
b Compound composition calculated by the Bogue method from the chemical analysis.
o Heat of solution of glass—700 cal/g. Compound cal/g
d Not determined.

f Microscopically determined. 750538 (F %8
‘ace p.
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material rapidly etched by H,O and determined microscopically.
The difference between that value and the value found under the
heading, “total dark interstitial”’, is recorded in the column under
“dark interstitial—glass.” Determinations of glass by the heat-of-
solution method [15] were made on several samples by William Lerch.
These are recorded in the column designated “Glass—ILerch Method.”

2. QUALITATIVE MICROSCOPIC EXAMINATION

No attempt will be made in the following record of the qualitative
microscopic examinations to give detailed results on each brand of
clinker, because the structural and optical variations of most of the
constituents in individual samples do not at present have a recogniz-
able relation to the chemical composition or to the heats of solution.

(a) 3Ca0.5i0 3

The samples examined show a wide range in size and perfection
of outer form of the tricalcium silicate crystals. The crystals of this
compound are on the average larger than those of any other compound,
but the variation in size is large, not only from one lot of clinker to
another, but from one piece of clinker to another. The crystals in
some samples show considerable perfection of form, the individuals in
polished section having straight edges and sharp angles. In other
samples there is marked corrosion with rounding of angles and deep
embayment of edges. A tabulation of the observations made on the
whole set of samples indicates that the tricalcium silicate crystals in
samples with low Al,O;/Fe,O; ratios have greater perfection of form,
whereas the crystals in samples with high Al,O;/Fe,O; ratios are deepl
corroded and embayed. The corroded crystals are generally, al-
though not always, surrounded by a fringe of minute crystals of
2Ca0.5810; (see p. 360).

The existence of zoning in 3Ca0.Si0,, and its relation to solid solu-
tion, have been noted in a previous publication [5]. Some degree of
zoning is present in all the samples studied in the present investiga-
tion, although in several cases it can be observed only under the most
favorable etching conditions.? The most pronounced zoning was
observed in tricalcium silicate crystals in samples 10, 23, and 26,
whereas samples 6, 8, 11, 12, and 16 exhibited very little zoning.
The zone boundaries generally parallel the crystal edges, although
infrequently the boundaries appear to be curved or irregular. Rhyth-
mic zoning is not unusual, weakly etched alternating with strongly
etched zones. The degree of etching and the development of the
zoning are affected considerably by the orientation of the crystals.
Surfaces parallel to basal faces etch weakly and show no zoning,
whereas surfaces normal to basal faces etch most strongly and show
the greatest development of zoning. No close relation between the
zoning of 3Ca0.Si0, and the composition of the clinker has yet
been found.

Solid solution in 3Ca0.Si0, crystals is shown by other optical
evidence as well as zoning. Samples which contain crystals that
show strong zonal etching are also found to contain crystals with
marked zonal extinction when examined petrographically. A change

3 The most satisfactory etching conditions to produce evidence of zoning were 3 seconds at 25° C in a
solution of 1 percent of HN O; in alcohol.
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in index of refraction from interior to exterior of such crystals or
from a strongly zoned to an unzoned crystal is, however, not detect-

able.
(b) 2Ca0.Si0;

All dicalcium silicate in industrial clinker is believed to be of the
beta form. Three types of £2Ca0.5i0; differing somewhat in twinning
and in habit have been distinguished. These were named types I,
IT, and 111 in a previous paper [5]. Another variant has been observed
in many clinker specimens in the present investigation. It is called
type Ia and is distinguished from type I by the presence of discrete
particles along what are apparently traces of twinning planes (figs. 1
and 2). Thisstructure is believed to be caused, according to Tavasci’s
theory [4], by unmixing during cooling of a material in solid solution
in 2Ca0.Si0,.

Examples of all four types have been found in the clinker specimens
studied. Type II, containing a single set of parallel twinning lamellae,
occurs only in samples 4 and 15. Type III, often containing irregular
cracks or veinlets but without distinctive twinning lamellae, occurs
sometimes as overgrowths on crystals of types I and Ia and sometimes
as individual crystals. Types I and Ia are sometimes found in the
same clinker piece. Crystals of type I are more abundant than those
of any other type in the majority of the samples. All of the dicalcium
silicate crystals studied exhibit rounded or serrated edges with no
evidence of regular external form.

In many of the specimens, crystals of 3Ca0.8i0; are surrounded by
a fringe of minute rounded particles (figs. 3 and 4). Although these
particles are generally too small to show the characteristic internal
structure with the microscope, their etching behavior indicates that
they are 2Ca0.Si0,. This fringing material generally surrounds
3Ca0.Si0; crystals exhibiting considerable corrosion and embayment
and, therefore, it has been found in this investigation in samples with
the higher Al,0;/Fe,O; ratios. The other types of 2Ca0.Si0, appar-
ently bear no relation to the chemical composition of the clinker
samples.

Crystals of dicalcium silicate show a wide range in size, but are in
general smaller than those of the tricalcium silicate.

(c) “LIGHT INTERSTITIAL” MATERIAL

In the investigation of cement clinker by means of the reflecting
microscope, two types of interstitial material have been differentiated
which have been called, because of their relative reflectivity and
reaction to etchants, the “light interstitial” material and the ‘“‘dark
interstitial” material [12]. The evidence previously gathered and
supported by the results of the present investigation indicates that the
light interstitial material is crystalline with optical properties like
those of 4Ca0.Al,0;.Fe,0;. The light 1nterst1t1al material is inti-
mately associated with the dark interstitial in most of the clinker
specimens. Not only the size of the aggregates but the size of the
individual crystals appears to bear some relation to the chemical
composition, those clinker samples with the lower Al,O;/Fe,O; ratios

generally containing the larger crystals of 4Ca0.AlO;.Fe,0;. The
form of the crystals is also somewhat dependent on chemical composi-
tion. When the Al;O;/Fe,0; is low, the crystals of 4Ca0.Al,0;.Fe,O,
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Ficure 1.—2Ca0.Si0, of types Ia and 111 in clinker sample 17.
Etched with 1-percent aleoholic solution of HNO3. Reflected light. Magnification, X1000.

Ficure 2.—2Ca0.Si0; of types la and 111 in clinker sample 26.
Etched with 1-percent aleoholic solution of HNO3z. Reflected light. Magnification, X500.
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Ficure 3.—Corroded crystals of 3Ca0.Si0: fringed with unusually large, rounded
grains of 2Ca0.8i0,

From clinker sample 21. Etched with 1-percent alcoholic solution of HN C3s. Reflected light.
Magnification, X500.

Ficure 4.— Corroded crystals of 3Ca0.Si0; fringed with rounded grains of 2Ca0.Si0»
of normal size.

From clinker sample 21. Etched with 1-percent alcoholic solution of HN O3. Reflected light.
Magnification, X500.
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have good prismatic development with straight edges, but when the
AlL,O,/Fe;0; ratio is high the faces are poorly developed, probably
because they form at a later stage of the crystallization of the clinker.

Most of the 4Ca0.Al,05.Fe,0; crystals found in commercial cement
clinker are pleochroic, but the pleochroism varies widely from one
clinker sample to another and even from one crystal to another in
the same sample. This variation appears to have no relation to the
chemical composition of the sample. In one sample examined
(No. 4) the larger crystals were light amber in color with no per-
ceptible pleochroism, whereas the smaller crystals in the same clinker
piece were much darker and exhibited strong pleochroism.

(d) “DARK INTERSTITIAL” MATERIAL

The dark interstitial material has been classified into crystalline
and glassy types. One method of distinction is the rate of reaction
with water when used as an etching reagent, the former type being
rapidly etched and the latter slowly etched.* The crystalline dark
interstitial material can be subdivided into a rectangular isotropic
form and a prismatic anisotropic form, whereas the glassy type has
a variable index of refraction and is apparently isotropic when ob-
served in thin section or powdered form.

In the samples investigated the rectangular crystalline form, which
has the optical properties of 3Ca0.Al,03, 1s found in only two samples
(20 and 21) and there in only very small amounts. The anisotropic
prismatic form, which appears to be produced only in the presence
of alkali [12], 1s a much more abundant constituent. It occurs to
some extent in all the samples examined; in samples with low
Al,O;/Fe,0; ratios it is present in small amounts and in localized
clusters of crystals as if it were the result of nonuniformity of the
mix, whereas in other samples the prismatic crystals are distributed
more uniformly.

The dark interstitial material which reacts slowly with water has
been found to some extent in all the samples in this series. Although
it is impossible to measure the indices of refraction of this phase
accurately, those samples having low Al,O;/Fe;O; ratios contain glass
which is microscopically colorless with an index of refraction less than
1.72, whereas those with bigh Al,O;/Fe,O; ratios contain glass with
an index higher than 1.72 and with a green color. In all the samples
the glassy phase is intimately mixed with the prismatic crystals of
4Ca0.AL,05.Fe;0;.

(e) FREE MgO

Free MgO occurs as angular grains with the optical properties of
periclase. These have been identified in polished sections of com-
mercial clinker [12]. In the present investigation free MgO has
been seen in the majority of the samples. Although the magnesia
grains are small, it is observed that, in general, the greater the amount
of MgO the larger the grain size of the periclase. The free MgO is
associated with the interstitial material in all the samples. In most
of the samples the periclase grains are more or less uniformly dis-

¢ After immersion in water for 1 to 2 seconds, the first type is etched noticeably while the second type
shows no perceptible effect.
& Continuous homogeneous grains of this glassy form appear perfectly isotropie, although they are so

small that they may actually be slightly birefringent. Therefore, it is impossible to decide whether or not
the glassy phase is equivalent to the “metastable phase’’ of Brownmiller [18].
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tributed throughout the specimens examined, but in some (notably
No. 5) the grains occur in clusters. This may be the result of improper
mixing of raw materials.

(f) FREE CaO

Free CaO occurs as rounded grains which are detected by etching
reactions previously described [12]. In most of the samples the free
CaO grains are present as clusters associated with concentrations of
3Ca0.510, crystals and, therefore, are probably the result of some
lack of uniformity in the batch.

V. DISCUSSION

A comparison of direct and indirect methods of quantitative deter-
mination of the phases present in portland cement clinker shows
certain systematic relations (table 2). These are most apparent when
the columns headed ‘‘difference’” are examined. These columns show
the differences between the values for equivalent constituents as
determined microscopically and chemically. It will be observed that
the percentages of 2Ca0.510, determined microscopically exceed those
determined chemically only for two samples with the lowest Al O,/
Fe,0; ratios, whereas the percentages of 3Ca0.Si0, obtained micro-
scopically are less than those obtained chemically only for samples
with low AlLO;/Fe,O; ratios. The microscopic values for ‘light
interstitial”” material tend to be greater than those for calculated
4Ca0.Al,05.Fe,0; for samples with low Al;Os/Fe,O; ratios, but the
differences are close to zero for samples with Al,O;/Fe,0; ratios of
2.00 or greater. The reverse is true when microscopically determined
total ‘“dark interstitial” material is compared with calculated
3Ca0.AL,O;. The microscopic values are less than or equal to the
calculated (with one exception) for low Al,O;/Fe,O; ratios and greater
than the calculated for ratios more than 2.00.

Several reasons may be given for the differences between the com-
positions determined microscopically and those obtained by calcu-
lation. The fact that tricalcium silicate contains other material in
solid solution would tend to make the observed amount greater than
that obtained by calculation by the Bogue method [16] as pure
3Ca0.8i0,. Moreover, Lea and Parker [19] have shown from a
consideration of the system Ca0-Al,03-Fe,05-S10, that cement clinkers
with high Al,O;/Fe,0; ratios contain greater amounts of 3Ca0.Si0,
and lesser amounts of 2Ca0.510, when crystallization is arrested dur-
ing cooling than when complete equilibrium is attained.

Because there is partial solid solution between 4CaQ.Al,03.Fe 05
and 3C20.AL0; in the system Ca0-Al,0s-Fe,05 [20], it seems probable
that the excess of observed light interstitial material over calculated
4Ca0.A1,0;.Fe,0; in clinker with low AlLO;/Fe,0; ratios may be ex-
plained by the earlier crystallization of 4Ca0.Al,0;.Fe,O; with solid
solution of material approximating 3Ca0.Al,O; in composition. In
clinkers with high Al,O;/Fe,O; ratios, dark interstitial material may
be expected to crystallize first and to take some 4Ca0.Al,0;.Fe;0;
into solid solution. The prismatic doubly refracting constituents [12]
presumably produced by alkalies are not accounted for in the Bogue
method of calculation. Their presence would tend to increase the
amount of dark interstitial material, but what the quantitative effect



P ey Composition of Cement Clinker 363
would be on the discrepancies between calculated and microscopically
determined compositions is not known.

To account for the rather large differences between the light inter-
stitial constituent and calculated 4Ca0.AL,0;.Fe,0; in some samples,
it has been suggested that the light interstitial constituent may con-
sist of another phase besides 4Ca0.Al,0;.Fe,0;, for instance, a highly
refractive iron-bearing glass which is not distinguished from 4CaO.-
Al,0;.Fe,0; by the etching reagents used. Attempts to differentiate
the light interstitial material into two phases by the use of other
etchinlg reagents and illuminating methods have thus far been unsuc-
cessful.

In the Bogue method all the MgO is calculated as free MgO (peri-
clase). In all but one of the samples examined the free MgO as
determined by microscopic analysis is less than the total MgO by
chemical analysis. Evidently a part of the MgO is dissolved in the
glass or in one or more of the crystalline constituents.

The agreement between the microscopic method and the ammonium
acetate method in the determination of free CaO is, in general, good.
The somewhat lower results by the microscopic method for most
samples are to be expected because the chemical method includes both
free Ca(OH), and free CaQ, whereas the microscopic method dis-
tinguishes only crystalline CaQ. The large difference for sample 8
is probably to be attributed to a partial hydrolysis of the clinker
constituents, as indicated by the high ignition loss.

Although the presence of glass is evidence that commercial clinkers
are not the product of crystallization under equilibrium conditions,
the simultaneous occurrence of fine-grained crystalline light and dark
interstitial material with glass in the same specimen indicates also
that the clinkers have not been completely quenched. The com-
mercial product may, therefore, be considered as an intermediate
stage between a material quenched from a definite temperature and
one crystallized at continuous equilibrium conditions.

In comparing calculated and observed heats of solution (table 2)
it is evident that, in general, the heats of solution as computed from
calculated compound composition agree somewhat better with the
observed than do those calculated from microscopic analysis, the aver-
age difference between observed and microscopic analysis being 8.3
cal/g and between observed and calculated compound composition
being 5.6 cal/g. In making the heat of solution calculations based
upon the Bogue method of determining compound composition, it was
assumed that:

1. The compounds calculated to be present had the compositions
and the heats of solution of the pure compounds unaffected by solid
solution.

2. The oxides present in minor amounts, such as alkalies, did not
enter into compounds or affect the heats of solutions.

3. Perfect equilibrium crystallization took place during cooling
without the formation of glass.

In making the calculation of heats of solution from microscopie
analyses it was not only necessary to use the heats of solution of the
pure compounds but also to use the heat of solution of 3Ca0.ALO;
for all the crystalline dark interstitial material, whether rectangular
or prismatic. A constant value of 700 cal/g was used for all the glass,
although the composition and consequently the heat of solution of
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the glass vary with the composition and rate of cooling of the clinker
specimen.

All the assumptions made with respect to both types of calculation
are known to be inexact, but they are felt to be the closest approx-
imations that can be made at the present state of knowledge. Con-
sidering the errors in the basic assumptions, the degree of corre-
spondence of either of the methods of calculations with the observed
heats of solution has little significance.

The glass content by the Lerch method (table 2) is greater than
the glass content by the microscopic method for all samples on which
determinations were made. Because the Lerch method is essentially
a heat-of-solution method it is open to some of the same errors (already
pointed out by Lerch and Brownmiller [15]) that affect the calculation
of heat of solution from compound compositions, namely, the assump-
tion that the compounds present are {ree from solid solution and the
assumption that the alkalies and other minor oxides have no effect
on the heat of solution. The accuracy of the method will be increased
as more knowledge is obtained on the actual composition and properties
of these compounds in cement clinker.

VI. SUMMARY

The results of chemical and microscopic analysis and heat-of-
solution measurements on 26 samples of commercial portland cement
clinker are reported.

A comparison of compound composition by microscopic analysis
and by calculation from chemical analysis shows that:

1. The content of 3Ca0.Si0; by microscopic analysis is greater
than by calculation, except for very low Al,O3/Fe,O; ratios.

2. The content of 2Ca0.Si0;, is less by microscopic analysis, except
for very low Al,O;/Fe,O; ratios.

3. Microscopically determined ‘“dark interstitial” material is less
than calculated 3Ca0.Al;O; for low Al,O;/Fe;O; ratios and greater for
high Al,O;/Fe,0; ratios.

4, Microscopically determined ‘light interstitial’” material is
greater than calculated 4Ca0.Al,0;.Fe,0; for low Al,O3/Fe,O; ratios
and approximately equal for high ratios.

Qualitative and quantitative microscopic analyses indicate that
the crystalline compounds present are not pure, but contain limited
amounts of material in solid solution.

Glass is present in all the samples studied.

A comparison of observed heats of solution with those calculated
from chemical analysis and from microscopic analysis shows a fairly
close correspondence, but it is pointed out that the assumptions on
which the calculations by both methods are based are inexact.

The authors are indebted to Dalton G. Miller, senior drainage
engineer, United States Department of Agriculture, for his kindness
in obtaining samples of clinker from the manufacturers, to G. W.
Ward, of the Portland Cement Association Fellowship at the National
Bureau of Standards, for his many helpful suggestions, and especially
to William Lerch, of the same organization, for generous cooperation
in furnishing pure materials and in determining glass contents of
many of the samples.
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