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ABSTRACT

The approximate glass content was determined, by the heat of solution method,
for commercial portland cement clinker obtained from 21 plants throughout the
United States. The approximate glass content of these commercial clinker com-
positions was found to vary from 2 to 21 percent. The approximate glass content
was also determined for these clinker compositions after the clinker had been
subjected to special heat treatment in the laboratory. The results indicate that
for a given clinker composition, the heat of solution of the clinker, and likewise
the glass content, are dependent on the cooling conditions to which the eclinker
has been subjected. Relatively high glass contents may be obtained by cooling
the clinker rapidly, and relatively low glass contents by cooling it slowly.
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I. INTRODUCTION

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. Cements of almost
identical composition, and ground to the same degree of fineness, have
shown pronounced differences in physical properties.

These variations in properties are not due to differences in chemical
composition but to some other cause, for instance the heat treatments
to which the clinker has been subjected during or following clinkering.

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 will be depeundent on the subsequent rate of cooling.
If the cooling process is sufficiently rapid, a condition may be ap-
proached in which the liquid phase will be present as an ‘“undercooled
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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.
The conditions of kiln operation which may be expected to affect the
degree of crystallization, or conversely the glass content of the clinker
are; the maximum kiln temperature; the rate at which the clinker
passes through the kiln; the position of the hot zone with respect to
the discharge end of the kiln; and the schedule of clinker cooling em-
ployed within the kiln and immediately subsequent to discharge
from the kiln.

In a previous investigation by Lerch and Taylor [1] 2 it was found
that the heat treatment of portland cement clinker has an important
effect on some of the properties of the cement. The heat treatments
employed in that study were of such character that different degrees
of crystallization of the cement compounds and consequently different
glass content might be anticipated, though the glass content was not
determined quantitatively. A recent report by Lerch and Brown-
miller [2] describes a heat of solution method for obtaining the approxi-
mate glass content of portland cement clinker. In the latter investi-
gation it was found that rapidly cooled clinkers, prepared in an experi-
mental kiln from commercial raw materials, contained relatively
large quantities of glass.

The present report describes the results obtained for the approxi-
mate glass content, as determined by the heat of solution method, of
21 samples of standard portland cement clinker obtained from different
plants throughout the United States as well as one additional sample
of sulfate-resistant cement clinker. This report also contains the
results obtained for the approximate glass content of these clinker com-
positions after they had been subjected to special heat treatments in
the laboratory. The special heat treatments, to which the clinker
was subjected in the laboratory, were of such character that different
degrees of crystallization of the clinker compounds, consequently
differences in the glass content, might be anticipated.

II. EXPERIMENTAL PROCEDURE
1. TREATMENT OF THE CLINKER

In the request to the plants which supplied the clinker, it was sug-
gested that the clinker should be freshly burned, should not be water-
quenched, and should not have been exposed to undue moisture on
the stock pile. As a result of this request the samples, as received
from the plants, were all of relatively low ignition loss.

Each clinker sample, as received, was crushed between rolls, thor-
oughly mixed, and divided into three lots, onelot to be used as received,
one lot to be reburned and rapidly cooled, and one lot to be reburned
and slowly cooled. These samples were prepared and reburned in
laboratory kilns by W. C. Taylor following methods described in a
previous report [1]. The clinker to be rapidly cooled was reburned
in an experimental rotary kiln at 1,400° C. The clinker obtained
from this kiln was small, not exceeding 0.5 inch in diameter, and in
the operation of the kiln the clinker cooled from the clinkering tem-

2 Numbers in brackets refer to literature references at the end of this paper.
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perature to that of a dull-red heat, about 1,000° C, in 2 or 3 minutes.
This clinker was designated “rapidly coocled clinker.” The clinker
to be slowly cooled was placed in an updraft gas-fired kiln and heated
to 1,400° C. The gas and air were then adjusted in such manner as
to allow the temperature of the clinker to decrease slowly over a 2-
hour period to 1,250° C. The gas and air were then cut off and the
clinker was allowed to cool with the kiln. This clinker was desig-
nated “‘slowly cooled clinker.” The third lot of clinker was used as
received from the plant and was designated “plant clinker.”

2. DETERMINATION OF THE APPROXIMATE GLASS CONTENT OF
THE CLINKER

The determination of the approximate glass content of portland
cement clinker, by the heat of solution method, is dependent on the
latent heat of crystallization of the liquid phase. Thus it becomes
necessary to prepare a crystalline material of each clinker sample.
The crystallized materials were prepared by carefully ‘“annealing” ?
a small quantity of the plant clinker in an electric furnace. The
samples were placed in the furnace and heated to 1,400°C. The
temperature of the furnace was caused to drop slowly over a period of
2 hours to 1,250° C, which is slightly below the temperature of final
solidification of the liquid, and the charge was held at that temperature
+10° C for 15 hours.

The heats of solution were determined, by the use of a vacuum-flask
calorimeter [3], for the rapidly' cooled clinker, the slowly cooled
clinker, the plant clinker and the crystalline material obtained by
“annealing’” in the electric furnace. = The heats of solution were
determined in duplicate and the duplicate determinations agreed to
within 3 cal/g in every case.

Table 1 gives the complete data for all of the clinker samples used

in this investigation, including the partial oxide composition, the -

calculated compound composition as computed by Bogue [4] and
Dahl [5], the Al,O3/Fe,O; ratio, the heats of solution on the ignited
weight basis, and the approximate glass content of the clinker.

The clinker compositions which were ‘“‘annealed” in the electric
furnace and those which were slowly cooled in the updraft gas-fired
kiln showed various degrees of dusting. Complete dusting occurred
with some samples when “annealed” in the electric furnace and partial
dusting occurred in some of the slowly cooled samples. There was no
evidence of dusting with any of the plant clinker or any of the clinker
which was rapidly cooled.

Since dusting, which is the result of beta to gamma inversion of
2Ca0.58i0,, involves a thermal change, it was necessary to make a
correction for this thermal change before calculating the approximate
glass content of the clinker. Johannson and Thorvaldson [6] found
that the heat involved in the transition of 2Ca0.Si0, from the beta to
gamma modification was 6.0 cal/g at 20° C. Thus for the compositions
which dusted completely, when annealed in the electric furnace, a
correction of 0.06 cal/g for each 1 percent of 2Ca0.Si0, was added to
the obtained heats of solution. For the annealed compositions which

8 The term ‘“‘anuealing”, 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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showed only slight dusting or no dusting, no corrections were applied
to the obtained heats of solution.

The difference between the heat of solution of a given lot of clinker
and the corrected heat of solution of the same clinker “annealed” in
the electric furnace constitutes the basis for calculating the approxi-
mate glass content for the clinker [2]. It is shown in table 1 that these
differences are always positive for the plant clinker and for the rapidly
cooled clinker, but that they are sometimes negative for the slowly
cooled clinker. These negative values obtained with the slowly
cooled clinker may be accounted for as a result of small errors in the
determination of the heats of solution, and as a result of thermal
changes involved in the partial inversion of beta to gamma 2Ca0.Si0,
in some of the slowly cooled samples.

3. ESTIMATION OF THE CRYSTALLINE MgO IN THE CLINKER

In making the determinations of heats of solution it was found that
periclase, crystalline MgO, as present in the clinker dissolved slowly
in the acid solution. This suggested the possibility of a separation of
MgO by the solution method. The sample of ground clinker was
introduced into the calorimeter in the usual manner and the stirring
continued for 10 minutes. The solution was then filtered on a suction
filter and the residue ignited and weighed. By microscopic examina-
tion it was observed that these insoluble residues consisted almost
entirely of periclase, with not more than a trace of other material
present. It was found that for a clinker of low MgO content, less
than 2.0 percent, this insoluble residue would be very low regardless of
the cooling conditions to which the clinker had been subjected. With
a clinker of higher MgO content, 2.4 percent or more, a larger insoluble
residue was obtained by this method, and the quantity of insoluble
residue varied with each clinker composition, depending on the method
of cooling the clinker. A larger insoluble residue was obtained from
the slowly cooled clinker than that obtained from the rapidly cooled
clinker of the same composition. This seems to give further evidence
that in the rapidly cooled clinker part of the MgO was dissolved in the
glass with the result that this clinker contained less crystalline MgO,
periclase, than did the corresponding slowly cooled clinker. The
results of these determinations of insoluble MgO are given in table 1.
It should be borne in mind that these results do not represent the quan-
tity of periclase present in the clinker, since part of the periclase has
dissolved during the 10-minute stirring interval.

ITI. DISCUSSION

The clinker samples used in this investigation were obtained from
21 plants throughout the United States; the range of their oxide com-
position represents the approximate range of the clinker compositions
used in the manufacture of /standard portland cement at the present
time. It also seems probable that the methods of manufacture em-
ployed at these various plants constitute a representative cross section
of present-day manufacturing processes.

The approximate glass content of the plant clinker was determined
by the heat of solution method. The approximate glass content was
also determined for these clinker compositions after they had been



TasLe 1.— Analysis, calculated composition, and approximate glass conlent of commercial portland cement clinker and the glass contents of the same clinker after being subjected to special heat treaiments

Chemical composition # Major constituents, corrected Additional minor constituents Calculated compound eomposition Heat of solution—ignited basis
: N MgO
A1iOY lAnnieafled in prol:):i- remaiim Stk
i 1 Al0y/ | electric furnace ¢ ing in- ink-
g Loss | Insol- | preq Fl?sg‘ Al ?:sg' Froo | F'e20s pr%«lillxxlct Difer- | slacs | Soluble | ker!
Si02 | FesO3 | Al O3 CaO MgO SOz on ig- uble Ca0 Si0g FeO as less free MgO FeO TiOs | NagO K30 CsS CaS C3A C4(AF | MgO Ca0 ob- ence cgntent at 10
nition |residue TiO2 Corrected ( min ¢
FegOy Ca0O Ob- for CaS tained)
tained | ;) version
% % % % % % % Yo % % % % % % % % % % % % % % % % cally callg calfg call, % %
1S 13721 0.4 642.6 -1.2 0 0.8 18
1P 13722 21.'5 2.2 6.3 64.3 3.0 0.7 0.4 0.2 1.2 21.5 2.2 6.0 63.1 3.0 0 0.3 0.1 1.6 50.0 24.0 12.2 6.7 3.0 1:2 2.9 | 642.3 643.8 644.8 | +1.0 2 .3 1P
1Q 13723 1.5 648.0 4.2 8 % 1Q
25 13724 0.1 629. 1 0.6 1 31 28
2P 13725 20.6 5.7 6.0 64.1 1.8 6 .2 .2 .8 20.6 5.5 5.6 63.3 1.8 2 S .3 0.7 55.5 17.2 5.6 16.7 1.8 0.8 1.1 627.3 628. 5 630. 6 2.1 5 s 2P
2Q 13726 .9 637.4 8.9 21 5 2Q
3S 13727 .2 638.5 —0.6 0 1.1] 38
3P 13728 22.4 2.7 5.9 63.9 1.0 1 .3 .2 .4 22.4 2.3 5.4 63.5 4.0 4 .8 6 2 48.5 2.7 10.4 7.0 4.0 .4 2.2 637.3 639.1 644.4 | +6.3 11 0.6 3P
3Q 13729 .4 647.2 8.1 16 0.5 | 3Q
48 13730 .3 633.2 0.6 1 1.3 | 48
4P 13731 19.8 7.0 5.1 62.7 4.2 21 .2 .4 4.2 19.8 5.3 4.7 58.5 4.2 L5 .4 5 2 48.3 20.3 3.5 16. 1 4.2 4.2 0.8 | 632.6 632.6 641.1 8.5 21 0.6 | 4P
4Q 13732 1.6 641.7 9.6 22 5| 4Q
6S 13736 1 0 640.3 1.6 3 vk 68
6P 13737 2157 3.1 6.2 66. 6 1.4 8 -2 2 { oA 21.7 3.1 5.9 6. 2 1.4 0 .3 1 1 60. 5 16.7 10. 4 9.4 1.4 0.4 2.0 638. 7 0638.7 639. 5 0.8 2 i 6P
6Q 13738 || .5 645.5 6.8 14 1| 6Q
78 13739 l tr | 645.9 0.8 2 .8 78
7P 13740 21.1 2.4 7:2 64.2 3.4 4 2 2 { .4 au1 2.4 6.9 63.8 3.4 tr .3 .4 .6 49.6 23.1 14.2 7.3 3.4 A 3.0 645.1 645.1 649.3 4.2 8 .4 7P
7Q 13741 || .6 1 6555 104 21 2] 7Q
88 13742 I ¥ 637.8 —0.6 0 a3 88
8P 13743 22.5 3.0 5.3 64.5 3.5 3 .3 3 .6 22,5 3.0 4.9 63.9 3.5 0 4 e 5 51.9 25.4 8.0 9.1 3.5 .6 1.8 | 636.8 638. 4 { 643. 5 +6.1 11 .4 8P
8Q 13744 | 6442 | 58 12 4| s8Q
9S 13745 al 637.4 0.1 0 1.0 | 98
9P 13746 22.7 2.2 5.9 63.6 4.2 3 .3 0 .8 22,7 2,2 5.6 62.8 4.2 0 S 4 5 42.3 33.1 1.2 e 4.2 .8 2,71 6352 637.3 641.5 4.2 8 0.4 | 9P
9Q 13747 .9 644.1 6.8 14 o 9Q
10S 13748 .2 623.8 0.5 ! .1]108
10P 13749 23.5 2.9 5.1 65.0 1.3 w0 .5 .2 2.1 23.5 2.9 4.8 62.9 1.3 0 3 .8 8 41.0 36.5 7.8 88 1.3 2.1 1.8 | 621.0 623.3 624.1 .8 2 JA10P
10Q 13750 2.0 628.2 4.9 10 .1 10Q
11S 13751 0.1 630. 5 51 3 s LIS
11P 13752 220 5.1 4.9 66.3 0.8 M .2 .2 .2 22.0 5.1 4.6 66. 1 0.8 0 3 A4\ 2 63.7 15.0 3.6 15.5 0.8 0.2 1.0 | 629.4 629. 4 632.3 2.9 7 « 34 11P
11Q 13753 .3 632.7 3.3 8 .1111Q
128 13754 0 619.5 0.4 1 .6 | 128
12P 13755 22.0 6.2 5.2 63.1 2.4 w2 .3 .3 tr 22.0 6.2 4.9 63.1 2.4 tr .3 3 4 47.9 27.0 2.5 18.9 2.4 tr 0.8 | 619.1 619.1 623.1 4.0 9 .2 | 12P
12Q 13756 ol 627.7 8.6 21 .2 ] 12Q
138 13757 ¢ ] 646.8 -1.2 0 1.2'],188
13P 13758 21.9 2.7 5.8 64.1 4.3 .4 .2 .2 .4 21.9 2.7 5.4 63.7 4.3 0 4 .2 6 52.7 23.1 9.8 8.2 4.3 0.4 2.1 648. 0 618.0 649.8 1.8 4 0.7 | 13P
13Q 13759 8 1 ess2| 7.2 1 25| 13Q
148 13760 tr 646.5 -~0.7 0 1.0 | 148
14P 13761 21.9 2.5 5.3 64.2 3.9 AT .4 .3 .9 21.9 2.5 5.0 63.3 3.9 0 3 .3 1.0 54.0 22.0 9.1 7.6 3.9 .9 2.1 645. 8 647.2 650. 4 2.8 6 0.5 | 14P
14Q 13762 8 654.7 7.5 15 .4 | 14Q
158 13763 o X 636.7 1.0 2 1.3 | 158
15P 13764 21.8 3.0 5.7 63. 4 4.2 6 .3 e | 1.3 21.8 3.0 5.4 62.1 4.2 0 3 .3 0.9 46.6 27.4 9.2 9.1 4.2 1.3 1.9 635.7 635.7 638.0 2.3 5 0.6 | 15P
15Q 13765 1.4 643.7 8.0 16 .5 ] 15Q
16S 13766 0 643.0 -1.2 0 .5 | 168
16P 13767 22.3 2.6 6.3 65.0 3.3 .2 .2 .2 .4 22.3 2.2 6.0 64.6 3.3 4 3 .2 4 50.0 26.3 12.2 6.7 3.3 0.4 2.4 | 642.5 644. 2 649.9 5.7 11 .2 | 16P
16Q 13768 .3 652.8 8.6 17 .1 16Q
178 13769 .2 637.0 -0.2 0 .1 (178
17P 13700 23.0 2.6 6.2 66.9 1.3 tr .2 .2 .4 23.0 2.6 5.8 66. 5 1.8 0 .4 1 2 53.3 25.7 11.0 7.9 1.3 .4 2.4 | 6355 637.2 639.5 +2.3 5 A TR & ) o
17Q 13771 B 643.2 6.0 12 .1 17Q
188 13772 23 640. 2 -0.6 0 .9 | 188
18P 13773 21,7 2.7 6.1 64.4 3.6 0.3 .2 5 .8 21.7 2:1 58 63.6 3.6 5 4 .2 8 52.0 23.0 1.8 6.4 3.6 .8 2.3 | 639.3 640. 8 645.8 5.0 10 .3 | 18P
18Q 13774 2.0 649. 7 8.9 18 .3 18Q
198 13775 tr 641.1 0.2 0 .8 | 198
19P 13776 22.1 2.8 5.5 63. 4 4.7 3 .2 v .6 22.1 2.8 5.2 62.8 4.7 0 .3 3 8 48.8 26.6 9.1 8.5 4.7 .8 1.9 | 639.2 640.9 644. 2 3.3 7 .3 | 19P
19Q 13777 Wb 646.3 5.4 11 .31 19Q
208 13778 .3 639.0 1.2 2 .1 208
20P 13779 19.9 3.9 7.5 66.0 1.0 45 .4 .2 1.3 19.9 3.9 7.0 64.7 1.0 0 ) .2 8 59.5 12.2 12.0 11.9 1.0 1.3 1.9 | 637.8 637.8 639.0 1.2 2 .1 | 20P
20Q 13780 1.4 \ 644.0 6.2 13 .1]20Q
218 13781 i | 646. 8 0.7 28 L1218
21P 13782 20.9 3.0 7.6 66.0 1.3 .3 .4 .2 .4 20.9 3.0 7.2 65.6 1.3 0 4 4 (] 55. 6 18.0 14.0 9.1 & 3 0.4 2.5 | 646.1 646. 1 648. 5 2.4 5 vl | 2EP
21Q 13783 .4 650. 6 4.5 9 .1121Q
22S 13784 0 l 641.6 -2.7 0 1.1 | 228
22P 13785 21.9 2.6 6.0 63.4 4.4 .2 .2 .2 .3 21.9 2.6 5.7 63.1 4.4 0 .3 5 9 48.3 26.3 10.7 7.9 . 4 .3 2.3 | 642.6 644.3 645.6 1.3 3 0.8 | 22P
22Q 13786 2 649.9 5.6 11 .51 22Q
23S 13787 9 656. 6 0.9 2 .8 | 238
23P 13788 19.9 2.5 7.4 65.4 s .4 .3 52 2.0 19.9 2.4 7.0 63. 4 3.1 1 4 .5 5 56. 3 14.6 14.6 7.3 311 2.0 3.0 | 635.7 655. 7 658.3 2.6 5 .3 | 23P
23Q 13759 1.6 | 13| 56| u 2| 23Q
1 8, slowly cooled clinker; P, plant clinker; Q, rapidly cooled clinker.
2 Chemical analysis by C. L. Ford.
s The estimated uncertainty of these heat-of-solution values was +:2.0 cal/g.
4 Stirring for 10 min in 420 g of 2NHNOg containing 10 ml of 48 percent of HF.
32208—38 (Face p. 80)
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subjected to special heat treatments in the laboratory. The special
heat treatments, to which the clinker was subjected in thelaboratory,
were of such character that different degrees of crystallization of the
clinker compounds, and consequently different glass contents might
be anticipated.

Factors other than glass content which may cause some slight vari-
ations in the heat of solution of the clinker have been discussed in a
previous paper [2].

The results obtained from this investigation indicate that, for a
clinker of given oxide composition, the heat of solution of the clinker,
and likewise the glass content, will be dependent on the cooling condi-
tions to which the clinker has been subjected. The largest heat of
solution of a given clinker, that is the highest glass content, was
obtained from the rapidly cooled clinker. The slowly cooled clinker
always gave a lower heat of solution and was, therefore, of low glass
content. In some instances the glass content of the plant clinker as
received was of the same order as the minimum glass content of the
slowly cooled laboratory clinker. In other cases the glass content of
the plant clinker closely approached the maximum glass content
obtained in the rapidly cooled laboratory clinker. This seems to
indicate that the cooling rates attained in commercial practice vary
in sufficient degree to produce large differences in the glass content of
commercial clinker.

In a previous investigation [1] it was found that the heat treatment
of portland cement clinker has an important effect on some of the
properties of the cement. The heat treatments used in that investiga-
tion were essentially the same as the special laboratory heat treatments
which were used in this investigation and which have now been shown
to produce different glass contents in the clinker. Since the commer-
cial products used i this investigation have been found to vary
greatly in glass content, it seems probable that the variations in
properties of commercial cements, which cannot be accounted for on
the basis of composition, may be partly or entirely accounted for
from a consideration of their glass content.

Previous investigators [2, 7, 8] have found that a considerable
quantity of MgO dissolves in the liquid formed at the clinkering
temperatures, and when the compositions were cooled rapidly this
MgO remained in solution in the glass. The qualitative results of
insoluble MgO, as obtained in this study, give further evidence of the
solution of MgO in the glass. For each composition containing 2.4
percent of MgO, or more, the largest percentages of insoluble MgO
were obtained from the slowly cooled clinker, whereas the lowest
percentages were obtained from the rapidly cooled clinker.
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