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METHOD FOR APPROXIMATING THE GLASS CONTENT
OF PORTLAND CEMENT CLINKER *

By William Lerch and Lorrin T. Brownmiller*

ABSTRACT

This report describes a method for approximating the glass content of portland
cement clinker. The method involves a determination of the heat of solution of
the original clinker and of the same clinker which has subsequently been annealed
under conditions designed to produce complete crystallization. The difference
between the heat values so obtained is due principally to the latent heat of
crystallization of the glass present in the original clinker. The ratio between that
value and the latent heat of crystallization of the glass phase represents the glass
content of the clinker. A curve is given showing the latent heat of erystallization
of all possible glass compositions obtainable from melts at 1,400° C in the system
Ca0-Al1;0;-Si0;-Fe,0; between the Al,03/Fe 03 ratios of 0.64 and 3.24.
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I. INTRODUCTION

At the clinkering temperatures attained by present-day methods of
portland cement manufacture, a considerable part of the charge is
present as a liquid phase, the percentage of liquid produced being
dependent on the chemical composition of the charge and on the
maximum temperature attained. The disposition of this liquid phase
in the clinker is dependent on the subsequent rate of cooling. If the
cooling process is sufficiently rapid, a condition may be approached
in which the liquid phase will be present as an ‘““‘undercooled liquid”’
or glass. But if the cooling process is sufficiently slow to permit a
continuous equilibrium, a completely crystalline product may be
obtained. Intermediate rates of cooling may produce clinker of
some degree of crystallization intermediate between these limits.
Furthermore, the relative amounts and nature of the compounds
formed on complete crystallization may be somewhat different if the
liquid crystallizes independently than if equilibrium with the solid
phases is maintained.

1 The method should be applied to freshly burned, unhydrated portland cement clinker. It can not be
applied to ground cements containing gypsum or to clinker which has been partially hydrated or carbonated.
*Research Associates at the National Bureau of Standards, representing the Portland Cement Association.
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The methods of calculation of the compounds in portland cement
proposed by Bogue [1]? and Dahl [2] are based on the assumption
that complete crystalline equilibrium has been attained. A number
of reports have been published which indicate that this condition of
equilibrium is not consistently attained in the commercial production
of portland cement. The work of Rankin and Wright [3] has shown
that the gamma form of 2Ca0.Si0; is the stable form at ordinary
temperatures, whereas in present-day portland cement the 2Ca0.510,
occurs in the beta form. Lea and Parker [4], Forsen [5], Spohn [6],
Solacolu [7], and Kuhl [8] have found that the practical limit of lime
saturation 1s lower than the theoretical limit on the basis of complete
equilibrium. The presence of glass has also been confirmed by micro-
scopic examination of commercial clinkers. Through microscopic
examination by the immersion method and in polished section Insley [9]
found certain clinkers to contain several percent of glass and the ratio
of 3Ca0.8i0, to 2Ca0.810, in these clinkers to be greater than that
obtained by calculation. Miller [10] also has reported the presence
of glass in commercial clinker. He found the amount of glass to vary
considerably but reported that ‘‘there are probably several percent
of glass present in even a well-crystallized clinker.”” From studies of
heats of solution of portland cements and portland cement compounds
Swenson and Flint [11] found that experimentally obtained heats of
solution of the cements are greater than those calculated on the basis
of crystalline equilibrium.

Recent investigations reported by Lea and Parker [12, 4] on that
portion of the quaternary system CaO-Al,0;—Si0,—Fe,0; which covers
the region involved in portland cement, provide valuable data for a
more complete understanding of the constitution of portland cement.
From these data it becomes possible to calculate the quantity and
composition of the liquid and crystalline phases which may be present
under equilibrium conditions, at any temperature in this quaternary
system under each of the following three assumptions:

1. That complete crystallization is attained with equilibrium main-
tained on cooling (calculations according to Bogue and Dahl).

2. That the equilibrium mixture of solid and liquid phases at any
specified clinkering temperature is ‘““frozen’’; that is, that the liquid
is solidified completely as glass.

3. That the crystalline phases at the clinkering temperatures are
in equilibrium with their surroundings and remain unchanged while
the liquid phase crystallizes independently on cooling.

Calculations based on these three alternatives permit wide varia-
tions in the computed constitutions as indicated from the results given
in table 1, which is taken from the report of Lea and Parker |4].

It is recognized that the minor constituents of portland cement
clinker (MgO) K,0, Na,0, MnO, TiO; etc.) will influence the equilib-
rium conditions at clinkering temperatures, and that they will influ-
ence the course of crystallization during cooling. The function of
these constituents is not yet known and hence can not be definitely
evaluated at the present time.

2 Numbers in brackets refer to references at the end of this paper.
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TasLe 1.—Comparison of compuied clinker compositions under different condilions
of solidification

(From Lea and Parker [4])

C38=3Ca0.8i01.
C38=2Ca0.8i03.
C3A=3Ca0.A1,0;.
C4AF=4Ca0.A1;03.Fez03.
C5A3=5Ca0.3A1203.

Crystalliza- Crystalliza-
Complete Crystalliza- | tion at 1,400° | Crystalliza- | tion at 1,450°
equilibrium | tion at 1,400° | C. Liquid |tion at 1,450° | C. Liquid

Constituents crystalliza- | C. Liquid | crystallizes | C. Liquid | crystallizes
tion gives glass independ- gives glass independ-
ently ently

I. Ca0=68.0%, Si02=23.0%, Al203=6.0%, Fes03=3.0%. Al:O3/Fez0:;=2.0

% % % % %

57.5 59.6 59.6 50.6 59. 6

22.5 16.2 21.2 15.6 21.0
10.8 0 8.9 0 9.8
9.1 0 9.1 0 9.1
0 0 120 0 0.5
0 24.3 0 24.8 0

II. Ca0=68.0%, Si02=23.0%, Al203=7.0%, Fe203=2.0%. Al:03/Fez03=3.5

52.2 60.6 60.6 59.4 59. 4
26. 5 15.4 20.9 15.3 21.4
15. 2 0 9.4 0 9.7
6.1 0 8.1 0 5.9
0 0 3.8 0 3.8
0 25.1 0 25.5 0

III. Ca0=66.0%, 8i02=24.0%, Al:03=7.5%, Fe103=2.5%. Al:03/Fe203=3.0

32.4 38.2 38.2 38.5 38.5

4.5 34.3 40.2 33.3 39.9

15.7 0 10.5 0 10.6
7.6 0 7.6 0 7.6
0 0 3.6 0 3.5
0 27.6 0 28.1 0

IV. Ca0=67.0%, Si03=23.0%, Al:03=4.0%, Fe203=6.0%. Ali03/Fe;0;=.67

62.7 54.6 60.9 55.1 61.5
18.6 20.2 20.2 19.4 19.4
0.5 0 0.4 0 0.5
18.2 0 18.2 0 18.2
0 0 0.3 0 0.7
0 0 0 0 0
0 25.0 0 25.5 0

Under present commercial conditions of cement manufacture it
seems improbable that the cooling conditions would be sufficiently
rapid to completely ‘“freeze’” the liquid into glass, and it seems unlikely
that the cooling conditions would be sufficiently slow to attain com-
plete crystalline equilibrium. Thus it seems probable that most
portland cement clinker would be in some intermediate state. The
most rapidly cooled clinker may approach the composition computed
on the assumption that the liquid freezes to glass; and the most slowly
cooled clinker may approach the composition computed on the assump-
tion of complete crystalline equilibrium.
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Numerous attempts to correlate the properties of commercial port-
land cements with their oxide composition, or computed compound
composition, have met with only partial success. The discrepancies
suggest that the glass content of the clinker may have an important
effect on some of the properties of the cement. A primary require-
ment for any investigation of the effect of the glass is the availability
of a method of estimating the glass content of the clinker. The pres-
ent report describes a heat of solution method for approximating the
glass content of portland cement clinker.

II. EXPERIMENTAL PROCEDURE

1. PREPARATION OF COMPOSITIONS CORRESPONDING TO THE
LIQUID PHASE AT 1,400° C

The method employed for the approximation of glass content of
portland cement clinker is dependent on the latent heat of crystalliza-
tion ? of the liquid present at the clinkering temperature. Krom the
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F1c. 1.—Ozxide composition of liquid at 1,400° C.
(Lea and Parker).

work of Lea and Parker [4] it is possible to calculate the quantity of
liquid and the composition of the liquid phase of any portland cement
mixture in the system CaO-Al,0;—Si0,—Fe,0; when in equilibrium at
any clinkering temperature. For most cements, the liquid composi-
tion at 1,400° or 1,450° C lies within the 3Ca0.Si0O, primary phase
volume, or on its boundary surfaces with 2Ca0.Si0;, or CaO. At
these temperatures the composition of the liquid phase of these
cements will be largely dependent on the Al,O;/Fe,O; ratio, and the

3 The latent heat of crystallization is the difference in heat content between the crystalline and non-
crystalline state of a system at the temperature at which crystallization occurs. In the method described

this difference in heat content is determined by the heat of solution method at a temperature below that at
which erystallization occurs. For convenience this difference isreferred to aslatent heat of crystallization.
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quantity of liquid will be dependent on the quantities of Al,O; and
Fe,0;. The composition of the liquid at 1,400° C in the quaternary
system Ca0-Al,0,—S510,—Fe,0;, for any given Al,0;/Fe;O; ratio
between 0.64 and 3.6 may be obtained from figure 1.%

The clinkering temperature of most portland cements is probably
between 1,400° and 1,450° C. Between these temperatures there are
only slight changes in the composition of the liquid or in the quantity
of liquid for any given cement composition. (See table 1.) Accord-
ingly, a number of mixtures were prepared which were representative
of the composition of the liquid phase at 1,400° C for various
ALO,/Fe;0; ratios in the system Ca0-2Ca0.Si0,-5Ca0.3A1,0;—
4Ca0.AL,0;.Fe;05. In some instances similar compositions were
prepared with the addition of 8.0 percent of MgO. These compo-
sitions, listed in table 2, were used for the determination of the latent
heat of crystallization.

TaBLE 2.—Latent heat of crystallization of liqguid compositions of varying Aly03/Fe;O;
ratio on the C*S-C2S surface at 1400°C.

R e : : z
: : Potential compound composi- |° 5 R = 8 &
O oombaeiion tion at crystalline equilibrium |4 2 2|8 2 2 28
3 s |8 83| 80 | =8
& Soaimgivlie o | PanEEaiEe.S
S S| 8 |wE| 85| en]|E8
) 2E3| B |82 | g3 |8 |82
] Ssel F |8 od | 88 | =
No. - o -t 44
ol&l S £ - | o |EEE| B =] 5] 23 | 2*
2122282233 |=|3|2|8ses] B [5 |&°|E7 |38
S|R|<d|m|a|<[(S|O|S|S|Q|S|=O Si| e el Ay A ST
Yo | % | % | %\ %|%|%|%| %|%|%| %.| % |cale | cal/g | cal/g | cal/g | cal/g | cal/g
1R.._|563.9|.___|15.3|24.0| 6.8/0.64|-_._[--..|73.0/25.8|_.___| 1.3|..__| 602. 1| 601.0| 637.0| 36.0, O 36.0
DRI 55.2|.-..]18.7|19.9| 6.3(0.94]15.8|....]60.5/23.8|__._|..-.|----| 629.2| 629.0| 672.0| 43.0 0 43.0
£ orfesas 55.7|.---123.5(13.9| 6.9(1.7 |35.8] 2.1{42.3|____|19.8|-_-_|-.--| 6564.4| 653.5| 702.0| 48.5 1.2| 47.3
4k 56.2(----|24.6]12.3| 7.0]2.0 [38.0| 4.5/37.4|--__[20.1|___.|..__| 662.0] 663.7| 714.7| 51.0] 1.2 49.8
et 56. 3|-_--|26.2(10.0f 7.6|2.62(35.6]12.2|30.4|____|21.8| .__|-...| 667.2| 672.5| 720.3| 47.8 1.3| 46.5
11____|[56.6|.-._[27.2| 8.4| 7.7|3.24/|37.1|15.0{25. 5(--__|22.2|-_._|---_| 673.1| 673.5| 725.1| 51.6 1.3| 50.3
6R.__[49.6| 8.0{14.1(22.1{ 6.3/0.64(____|__-_|67.2|23.7|..._| 1.2| 8.0| 623.9| 625.6| 660.3| 34.7| 0 34.7
8 e 51.2| 8.0/21.6{12. 8| 6.3|1.7 (32.9] 1.9{38.9|.__.|18.2|____| 8.0| 671.3| 672.1| 719.7| 47.6 1.1f 46.5
10..._|51.8| 8.0[24.1] 9.2| 7.0|2.62|32.7|11.2(28.0[____|20.1|-___| 8.0] 683.7| 684.9| 736.0[ 51.1 1.2| 49.9

The compositions, prepared from intimate mixtures of chemically
pure calcium carbonate, alumina, silica, ferric oxide, and magnesia,
were heated in an electric furnace at 1,250° C for 1 hour and reground
as a further precaution to obtain uniformity. Quenched and crystal-
line preparations were then made by the special heat treatments
described below.

The quenched samples were prepared by quenching the liquid in
mercury. A few grams of a given composition were wrapped in plati-
num foil and suspended in an electrically heated quenching furnace.
The furnace was then heated to 1,450+ 10° C and held at that tempera-
ture for 15 minutes to permit complete melting of the charge. The
charge was then dropped from the furnace and immersed in mercury
to obtain rapid cooling. The preparations were considered to be a
satisfactory glass when they were found by microscopic examination
to be vitreous, nearly or quite homogeneous, and to contain very little
or no birefracting material.

4 The composition for the Al;03/Fe;O3 ratio 0.64 as given in the text of the report by Lea and Parker is
incorrect. The composition as used in figure 1 has been confirmed by personal correspondence with Lea.
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The crystallized materials were prepared by carefully “annealing’ ®
the charge in an electric furnace. The compositions were placed in
the furnace and heated to 1,400° C. The temperature of the furnace
was then caused to drop slowly over a period of 2 hours to 1,250° C,
which is below the temperature of formation of liquid, and the charge
was held at that temperature +10° C for 15 hours.

The compositions which were computed to contain 2Ca0.Si0; at
crystalline equilibrium all “dusted’” after annealing because of the
inversion of the beta 2Ca0.Si0, to the gamma form. The composi-
tions which were computed not to contain 2Ca0.Si0, at crystalline
equilibrium did not “dust.”

Examinations for free lime were made on each of the quenched and
crystallized compositions by White’s [18] method and by the ammo-
nium acetate method [14]. All quenched compositions gave negative
results by both methods, which indicated the absence of free lime.
The crystalline compositions no. 1R and no. 6R (table 2) contained
1.5 and 1.0 percent of free lime, respectively. The other crystalline
compositions contained no free lime.

2. MICROSCOPIC AND X-RAY EXAMINATION OF THE GLASS

The quenched preparations were examined microscopically. They
appeared vitreous with small amounts of birefracting material, particu-
larly in the samples with low Al,O3/Fe;O; ratios, which contained some
¢lassy material showing evidences of strain. The index of refraction
of all of the material in any one sample was not uniform but varied
through the sample. Regrinding and requenching of the samples did
not eliminate this variation of index of refraction. The extent of
variation was dependent on the rate of cooling and on the composition.
Compositions with high Al,0;/Fe,0; ratios showed less variation than
those with low Al,O;/Fe;O; ratios. And those quenches which were
immersed in mercury entirely on falling from the furnace showed less
variation than those which floated on the surface of the mercury for a
fraction of a second before submersion by pushing them into it by hand.
Much smaller charges (0.1.g or less) were then quenched but in no case
was it possible to eliminate the variation in index of refraction entirely,
even under conditions of most rapid cooling of very small samples,
although under these conditions the variation was at a minimum,

The following values were obtained for the index of refraction of a
small quenched charge of composition 11 (table 2) with Al,03/Fe,0;
ratio=3.24. Some of the material had an index of refraction as low as
1.724+0.003 (red light). But the index of the greater portion of the
sample was slightly higher, between 1.724 and 1.734. There was
present also some material with an index which was as high as
1.75540.005. A quenched charge of composition 1R with Al,O;/Fe,O;
ratio=0.64 contained material with an index of 1.8340.01, and some
material with an index as high as 1.9240.01.

Powder X-ray diffraction patterns were made of the quenched
preparations used for the determination of the heat of solution. Dif-
fraction lines were obtained from all preparations, which in general
corresponded almost exactly with the cubic lines of crystalline
3Ca0.AL,0;. The strongest diffraction patterns were obtained from

3 The term ‘‘annealing”, as used in this report, involves a slow cooling process which might be expected
to produce a maximum degree of crystallization.
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the samples with the lower Al,O3/Fe,O; ratios; samples 1R and 6R had
the most intense patterns of the entire series of compositions given
in table 2.

Figure 2 (A) is a reproduction of the X-ray pattern of composition 1R
compared with that of 3Ca0.AL,O;. The lines of the two patterns are
almost identical in position and relative intensity. This might be
taken as evidence that 3Ca0.Al;O; is present in composition 1R.
However, the following facts are not in entire agreement with such an
interpretation:

1. Sample 1R represents a composition in the ternary system
Ca0-2Ca0.810,-4Ca0.A1;0;.Fe;0;.  According to all experimental
data published to date, 3Ca0.Al:O; does not exist at equilibrium in
any portion of that system.

2. The compounds of CaO and Fe,O; usually crystallize much more
rapidly than the compounds of CaO and AlL,O; Accordingly, the
tendency would be for the crystallization of some compound of ferric
oxide first of all under the cooling conditions outlined and not for
the crystallization of 3Ca0.ALQO;.

3. The quenched compositions low in Al,O; show very strong X-ray
diffraction patterns, while those high in Al,O;, and consequently high
in calculated 3Ca0.Al;,03, show much weaker patterns. If the diffrac-
tion lines were caused by 3Ca0.Al,O;, we should expect the composi-
tions high in calculated 3Ca0.ALO; to show the more intense patterns,

4, The X-ray diffraction pattern of a mixture of 2C20.3i0, and
2Ca0.Fe,03, when quenched from temperatures at which the mixture
is liquid, is that of a cubic crystal with lines practically identical in
position with the lines of composition 1R (fig. 2 (B)).® Accordingly,
mixtures of Ca0O, SiO,, and Fe;O; also show a crystalline structure
similar to that of 3Ca0.Al,03, so that apparently we cannot rely on
the X-ray alone for identification of that compound.

Considering these facts there is some doubt as to the existence of
3Ca0.AL,0; in the quenched liquids. Further work is in progress to
identify the phase in the quenched charges corresponding to the
liquid phase of cement clinker, which shows the cubic structure. This
material has been commonly called ‘“glass” in the past, and the use
of that term is continued here.

In rapidly cooled clinker the glass phase may be in a state com-
parable with that of the glasses quenched for these determinations of
heat of solution and therefore cause diffraction lines in the X-ray pat-
tern in positions corresponding to those of 3Ca0.Al,O0;. If the lines
obtained from the glasses are not due to the presence of 3Ca0.Al,Os,
as now seems probable but with confirmation still missing, then
3Ca0.ALL,O; may have been erroneously identified in some of the
cement clinker, as reported in a paper by Brownmiller and Bogue [15].

3. LATENT HEAT OF CRYSTALLIZATION OF THE LIQUID PHASE

The heats of solution of the quenched and crystalline materials
were determined by the use of a vacuum-flask calorimeter [16]. The
heats of solution were determined at room temperature, 23+3° C.
The difference between the heat of solution of the quenched materials
and the crystalline materials corrected for the heat evolved by the
beta to gamma inversion of dicalcium silicate is recorded as the latent

¢ Diffraction lines of platinum are present in the pattern of the 2Ca0.8i03-2Ca0.Fea03 mixture because
of contamination by the platinum foil in which the charge was enclosed.
136221—37—8
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heat of crystallization. The results of the determinations of the heats
of solution and the latent heats of crystallization are given in table 2.
Each value for heat of solution is the mean of duplicate determina-
tions, which agreed to within 3.0 cal/g in every case. With the
quenched compositions the duplicate determinations of heat of solu-
tion were made on separate quenches of the same composition.

The heat of solution was also determined of the compounds which
would be present at crystalline equilibrium for the compositions given
in table 2. These compounds were prepared by heating the appro-
priate mixtures below the temperature of formation of liquid for suffi-
cient time to attain complete combination. By this process the com-
pounds were assumed to have been obtained in a completely crystalline
condition. The solvent used for the heat of solution determinations
was 420 g of 2 N HNO; containing 5 ml of 48-percent HF, which was
found to be satisfactory for attaining complete solution of 3-g samples
of all of the compounds used in this investigation. The same solvent
was used for determining the heats of solution of the various com-
positions given in table 2. The heats of solution of the several com-
pounds are given in table 3. The heats of solution, obtained in this
manner, of some of these compounds are different from values given
in a previous report [17], which is due to the use of different solvents.

TaBLE 3.—Heat of solution of cement compounds !

Cement compounds Heat of solution 2
cal/g
C3A 783.3
CsAs 726.2
CiAF 586.8
Cs8 632.0
vCsS 556. 8
BCsS (with 0.4% of By03) 563.0
Ca0 835.0
MgO 875.4

13 g dissolved in 420 g of 2 N HN O3 containing 5 ml of 48-percent HF.
1 The heats of solution were at room temperature, 23 4-3° C. The estimated uncertainty of these values
was £2.0 cal/g.

From the heats of solution of the several compounds it should be
possible to calculate the heats of solution of the crystallized composi-
tions listed in table 2. These values have been calculated and are
given in the table. The close agreement between the calculated values
and the determined values for the heats of solution of these crystal-
line compositions gives supporting evidence to indicate that nearly
complete crystallization has been attained.

The latent heats of crystallization of the compositions containing
8.0 percent of MgO were found to be nearly the same as those of the
corresponding compositions containing no MgO, (compare 1R and
6R, 3 and 8, 5 and 10). This indicates that the presence of MgO up
to 8.0 percent does not materially change the latent heat of crystal-
lization of these compositions. The 8.0 percent of MgO used in these
compositions would correspond to 2.0 percent of MgO in a cement
composition containing 25 percent of liquid at the clinkering tempera-
ture. By microscopic examination of the quenched samples prepared
from the compositions containing 8.0 percent of MgO, it was found
in each composition that some MgO was present as periclase. This



Journal of Research of the National Bureau of Standards Research Paper 997

FicurE 2.—X-ray pattern of crystalline 3Ca0.AL,0; and quenched-liquid compositions.
(A). Upper—Pattern of crystalline 3Ca0.Al:0;. Lower—Pattern of composition 7R (table 2) consisting of 53.9% of CaO, 15.3%, of Al,Os, 6.89, of SiOs, 24.09 of Fe;03 quenched

2y
from 1,450° C.
% of CaO, 15.39, of Al203, 6.8, of SiO, 24.0%, of Fe;O3 quenched from 1,450° C. Lower—Pattern of composition
o of Ca0, 7.09% of Si0Oy, 47.19%, of Fe;O3 quenched from 1,540° C.
x—Indicate platinum lines.

(B). Upper—Pattern of composition /R (table 2) consisting of 53.9
consisting of 45
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seems to indicate that liquids of these compositions do not dissolve as
much as 8.0 percent of MgO at 1,450° C.

In the study of the system 2Ca0.Si0,~-Mg0O-5Ca0.3A1,0; Hansen
[18] found that melting occurs at 1,315° C, and that MgO dissolves
readily and extensively, up to 7.0 percent, in the liquid formed at
1,315° C or at higher temperatures. When the charges were cooled
rapidly the liquid was converted to a glass and the MgO remained in
solution in this glass. The solubility of the MgO in the liquid of the
system CaO-Mg0-2Ca0.5i0,—-5Ca0.AL,0; was found by McMurdie
and Insley [19] to vary from 5 to 33 percent but, in the region of
portland cement to fall between 6 and 18 percent. Brownmiller [20]
has found that at 1,400° to 1,450° C about 4 to 6 percent of MgO
dissolves in the liquid of the CaO-Al,0,-Si0,~Fe,0; system having

54

N

g.fO °

Elé = 3 o

Qe :

0w — o =VALUES FOR COMPOSITIONS

W 7 WITHOUT MO

e W « ~VALUES FOR GOMPOSITIONS

S $ WITH MO

NEY

" PRl 1 1
0% 8 10 12 14 16 18 20 22 o4 26 28 30 32 34 36

Az03 / FEs03 RATIO

Ficure 3.—Latent heat of crystallization of liquid compositions of varying alumina:
Sferric oxide ratios on the tricalcium silicate-dicalcium silicate surface at 1,400° C,

AL,O;/Fe,0; ratios between 0.68 and 3.0. The solution of MgO in
the liquid phase of portland cement clinkers is also indicated by Lea
and Parker [4].

The latent heats of crystallization of the compositions given in
table 2 are shown in figure 3 plotted against the Al,O,/Fe,O, ratios.
The latent heats of crystallization of compositions of other Al,0;/Fe,0;,
ratios not given in table 2 may be obtained from figure 3.

4. APPROXIMATION OF THE GLASS CONTENT OF PORTLAND
CEMENT CLINKER

Having determined the latent heat of crystallization of the liquid
compositions of varying Al;O,/Fe,0; ratio, it remained to apply these
data in the development of a method for approximating the glass
content of portland cement clinker. A group of laboratory composi-
tions of wvarious Al,O,;/Fe,O; ratios was selected for study. The
clinker of these compositions was prepared from commercial raw
materials and burned in an experimental rotary kiln. The clinker
obtained from this kiln is usually small, about ¥ to ¥ inch in diameter,
and, in the usual process of operation, is cooled from the clinkering
temperature to about 1,000° C in 2 or 3 minutes. These clinkers
are referred to in table 4 as “rapidly cooled.” In some cases clinkers
of corresponding compositions were heated in an auxiliary furnace at
1,100°dC for 3 to 4 hours. These clinkers are referred to as ‘‘specially
treated.”



TaBLE 4.—Approzimate glass content of laboratory clinkers of varying AlyO,/Fe,03 raito

Potential crystalline compound com-

Obtained heat

Partial oxide composition Calcu- StEDbion. Difference Quintars
lated heat Ap- nary
Al O3/ of solu- proxi- | |5 quid
Method of cooling Fe:pa tion at g Correc- mate content
o ratio 1prysi:ad-_ Ongll- AIll-d Obol Ao e g]atss v ot
a ine equi-| nal neale: : : - | conten
librium | clinker | clinker tained | inversion 1,400° G
of C28
callg callg callg % %
632.8 1.8 10.1 20 25.0
637.8 9.9 .2 16 25.0
650. 3 9.5 8.6 17 4.4
650. 3 5.7 4.8 10 24.4
631.9 12.1 10.3 21 24.4
631.3 10.5 8.7 18 24.4
o [RGB B A 1 L 4 11.0 | 15.5 1.45 620.0 | 626.8 | 614.0 12.8 10.8 23 33.0
............. 65.0| 3.0| 46| 4.5 4.6 | 13.6 1.02 620.7 | 631.5| 621.1 10.4 8.9 20 23.5
............. 6L.1] 31| 7.4] 8.4 5.4 | 25.6 .88 613.4 | 624.6 | 611.3 13.3 1.8 28 40.2

1 Specially treated clinker was heated at 1,100° C for 3 to 4 hours.
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The heats of solution were determined of samples of clinker as
prepared by these two methods. A quantity of the clinker prepared
by each method was annealed in an electric furnace by heating to
1,400° C and allowing the temperature to decrease slowly over a

2 hour period to 1,250° C, which is below the temperature of formation
of liquid. The charge was then held at 1,250° 410° C for 15 hours,
following which the heats of solution were determined. The results
are given in table 4, together with the partial oxide composition and
the potential compound composition at crystalline equilibrium.
Each value for the heat of solution is the mean of duplicate determina-
tions which agreed to within 3.0 cal/g in every case.

The original clinker as prepared in the rotary kiln had not dusted
and in this clinker the 2Ca0.Si0, was in the beta form. When the
clinker was annealed in the electric furance dusting occurred on cooling
and by mlcroscoplc examination the 2Ca0.5i0, was found to be
mostly or entirely in the gamma form. Johannson and Thorvaldson
[21] have reported that the heat evolved in the transition of 2Ca0.Si0,
from the beta to gamma modification is 6.0 cal/g at 20° C. This
value is in approximate agreement with the difference between the
heats of solution of the beta and gamma 2Ca0.SiO, reported in table 3.
However, the beta 2Ca0.Si0, referred to in that table contained a
small amount of boric oxide (added to prevent inversion) so that the
difference between these values may not indicate precisely the heat
evolved on inversion of the beta to the gamma form. Obviously this
inversion will bring about a decrease in the heat of solution of the
annealed (dusted) samples below that of the original clinkers by
0.06 cal/g per percent of 2Ca0.Si0O; present.

Table 4 gives the observed heats of solution of the original clinker and
of the annealed clinker, the differences between these heats of solution,
and these differences corrected for the heat evolved on the inversion
of the 2Ca0.S10,. This corrected value for the difference between
the heat of solution of the original clinker and the annealed clinker is
assumed to represent the latent heat of crystallization of the glass
present in the original clinker. The approximate glass content of the
original clinker was then obtained by (f viding this corrected difference
in the heats of solution, by the latent heat of crystallization of a liquid
composition of the AlgOa/Fezo;g ratio of that clinker as obtained from
figure 3. For conversion to percentage glass content this quotient
was multiplied by 100. Table 4 also contains the quaternary liquid
content at 1,400° C, for these clinkers, as calculated from Lea and
Parker [4].

It is recognized that certain errors are involved in this method of
approximating the glass content of portland cement clinker. The
more important sources of error involved in the method are due to:
(1) The thermal changes involved in the secondary reactions which
occur during the process of crystallization; and (2) the variation in
the latent heat of crystallization of an intermediate glass due to the
change which may occur in the AlL,O;/Fe,0; ratio if the several con-
stituents do not crystallize at a uniform rate. The relative magni-
tudes of these errors may be estimated, but they can not be deter-
mined precisely because of lack of definite information as to the extent
to which these reactions occur.

The latent heats of crystallization of liquid compositions as given
in table 2, and figure 3 represent the thermal changes involved when
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these compositions crystallize independently. But with cements
having Al,O3/Fe,0; ratios above 1.6, the liquid may interact with the
solid phases, provided the cooling is sufficiently slow, to produce
different percentages of some compounds. The order of difference
may be noted by comparing the data in columns 1 and 3 in table 1.
When the liquid crystallizes independently (column 3 of table 1)
5Ca0.3AL,0; is formed, but in crystallization to complete equilib-
rium (column 1 of table 1) the alumina has combined with lime de-
rived from the 3Ca0.SiO, to form 3Ca0.Al,O;; consequently the
3Ca0.ALO; content of the product is increased, the 3Ca0.SiO,
decreased, and the 2Ca0.Si0O, increased. These secondary reactions
involve thermal changes the order of which may be approximated
from a consideration of the heat effects of the principal changes
involved.

By use of the heats of solution given in table 3, it is possible to
calculate the heat of formation of 3Ca0.Al,O; from 5Ca0.3AL,0; and
CaO. This reaction involves the absorption of 27.0 cal/g of
3Ca0.AlL,O; formed. Johannson and Thorvaldson [21] have reported
that the formation of 3Ca0.Si0, from beta 2Ca0.SiO, and CaO in-
volves an absorption of 2.06 cal/g of 3Ca0.Si0, formed. It requires
0.277 g of CaO to combine with 5Ca0.3Al1,0; to form 1 g of 3Ca0.Al,O;;
and it requires 1.13 g of 3Ca0.S10,, dissociating to 2Ca0.Si0, and CaO
to supply 0.277 g of CaO. Hence the dissociation of the 3Ca0.SiO,
involved in the formation of 1 g of 3Ca0.Al,O; results in the liber-
ation of 2.06X1.13=2.3 cal. The net thermal change caused by the
formation of 3Ca0.ALQ; is an absorption of 27.0—2.3=24.7 cal/g of
3Ca0.Al,O;, or 0.247 cal/g of clinker for each percent of 3Ca0.Al,0;
produced from the 5Ca0.3Al,0;. Since these reactions involve an
absorption of heat and the independent crystallization of the liquid
phase involves an evolution of heat, the applications of corrections
for these secondary reactions would give values somewhat lower
than the uncorrected figures.

The liquid phase at clinkering temperatures forms several crystal-
line compounds when slowly cooled, but except at the eutectic com-
position these compounds do not crystallize at a uniform propor-
tionate rate. Thus when partial crystallization occurs the remaining
liquid may not retain the composition or Al,0;/Fe,0; ratio of the
original liquid. Since the latent heat of crystallization varies with
the Al,0;/Fe,0; ratio, and the former is used (fig. 3) in approximating
the glass content, it follows that the approximate glass content may be
in error in proportion to the change in the Al,O3/Fe,O; ratio of the
liquid brought about by the partial crystallization.

Lea and Parker [4] have found that when the Al,O;/Fe,0; ratio is
above 1.38, 3Ca0.ALO; crystallizes on cooling, until the Al,0;/Fe,0;
ratio of the remaining liquid is 1.38, at which point 3Ca0.Al,0; and
4Ca0.Al,0;.Fe,0; crystallize together. If the ratio is below 1.38, the
4Ca0.AL;0;.Fe,0; crystallizes until the ratio of 1.38 is reached.
Thus, the liquid of clinker at 1,400° C, having an Al,O;/Fe,0; ratio
of 2.6, has (by fig. 3) a latent heat of crystallization of 50.0 cal/g.
If partial crystallization of the liquid occurs so that the ratio in the
remaining liquid is reduced to 1.5, the latent heat of crystallization
of the liquid is reduced to 47.0 cal/g. If the observed difference in
heats of solution of the original and annealed clinker is 5.2 cal/g, the
approximate glass content would be (5.2X100)/50.0=10.4 percent,
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whereas the correct glass content should be (5.2X100)/47.0=11.0
percent.

Experimental errors which may occur include those which would
result from incomplete inversion of the 2Ca0.Si0, to the gamma
modification during annealing, and errors in the determination of
the heats of solution. These errors can be reduced to low magnitude
by careful experimental manipulations. Other sources of error may
occur from: absence of information on the exact amount of beta
2Ca0.Si0, which may be in the original clinker; failure to attain
complete equilibrium at clinkering temperatures in the kiln; thermal
changes resulting from the formation of solid solutions; and thermal
changes resulting from alkalies, titania, manganese, and other minor
constituents of commercial clinker.

Consideration has been given to the possibility of approximating
the glass content of a portland cement clinker from the difference
between the calculated heat of solution at crystalline equilibrium
(calculated from the additive values of the heats of solution of the
several crystalline compounds), and the obtained heat of solution of
the clinker. Thus, the necessity of the annealing process and the
subsequent determination of the heat of solution of the annealed sam-
ple would be eliminated. The calculated heats of solution at crystal-
line equilibrium are given in table 4, for the clinkers used in this in-
vestigation. In some instances these calculated values are in good
agreement with the obtained heats of solution of the corresponding
annealed samples, but in some instances there are rather large dis-
crepancies. There are several factors involved which may account
for these discrepancies among which may be mentioned: (1) Portland
cement clinker contains varymg quantities of minor constituents,
alkalies, manganese, titania, etc., which can not, at present, be ac-
counted for in these calculations of the heats of solution at crystalline
equilibrium; (2) small errors in chemical analysis result in relatively
large variations in calculated compounds; and (3) lack of homogeneity
of the clinker. From these considerations it seems probable that more
accurate results will follow the use of the value of the heat of solution
obfained on the annealed clinker than from the use of the calculated
value.

III. SUMMARY AND CONCLUSIONS

This report describes a heat of solution method for approximating
the glass content of portland cement clinker. The method involves
a determination of the heat of solution of the original clinker and of
the same clinker which has subsequently been annealed under con-
ditions designed to produce complete crystallization. The difference
between these heats of solution 1s dependent upon the latent heat of
crystallization of the liquid phase which would be present at clinkering
temperatures. The latent heat of crystallization has been deter-
mined for several liquid phase compositions of varying Al;O;/Fe,O;
ratios, and from a curve drawn through these points (fig. 3) the latent
heat of crystallization of liquid phase compositions of other Al;03/Fe,O3
ratios may be obtained.

The method should be applied to freshly burned, unhydrated port-
land cement clinker. It cannot be applied to ground cements con-
taining gypsum or to clinker which has been partially hydrated or
carbonated.
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The method involves certain errors for which exact correction factors
cannot at present be applied. From a consideration of the nature and
magnitude of these errors it seems probable that for the compositions
studied the approximate glass contents, as obtained by this method,
were correct to within +5 percent of the total sample.

The results obtained by this method, when applied to a number
of laboratory clinkers prepared in an expenmental rotary kiln from
commercial raw materials, indicate that rapidly cooled portland cement
clinker may contain a considerable quantity of glass.

From a comparison of the glass content of the rapidly cooled clinker
and of the corresponding specially treated clinker (heated 3 to 4
hours at 1,100° C) 1t was observed that the glass content of the special-
ly treated clinker was only slightly lower than that of the rapidly
cooled clinker. This seems to indicate that heating for 3 to 4 hours
at temperatures appreciably below the temperature of formation of
liquid does not promote rapid crystallization.

The quenched liquid compositions, which are referred to as glass,
were examined microscopically and by X-rays. Under practical
cooling conditions it was impossible to solidify the liquids so that they
showed no X-ray diffraction pattern. The diffraction pattern ob-
tained was similar to the pattern obtained from 3Ca0.ALO; A
similar pattern has also been obtained from quenched compositions
of Ca0O-Fe,0;-Si0; which contained no Al,O;. The exact nature of
the structure which gives this pattern is still in doubt.

The data contained in this report were obtained with experimental
clinker and it was not determined how representative they are with
respect to commercial clinker.
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