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ABSTRACT 

Studies of binary systems are helpful in the investigation of polycomponent 
systems forming industrial products, such as portland cement, dolomite refractor
ies, or blast-furnace slags . Details are given of the application of differential 
heating and cooling curves to the determination of the temperature of the ab;{J 
inversion of 2CaO.Si02 in binary mixtures with CaO, SiOz, AIzOa, MgO, FezOa, 
CaFz, Ti02, BaO, Cr20a, BzOa, MnzOa, V20 6, PZ0 6, Na20, and K 20. These added 
materials, excepting CaO, lowered the temperature of the a-.=2{J inversion and 
estimates of the limits of solid solution in a-2CaO.Si02 are given . X-ray patterns 
of {J-2CaO.Si02 containing BaO, PZ0 6, NazO, or K 20 indicated the existence of 
solid solutions of the substitution type. Observations were made of the effective
ness of the added materials in preventing dusting, which results from the {J--+'Y 
inversion of 2CaO.SiOz. It was found that MnzOa should be added to the list of 
known chemical inhibitors of dusting. 
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1. INTRODUCTION 

Dicalcium silicate, 2CaO.Si02 , is one of the major constituents of 
portland cement and is found also in blast furnace slags [1] 1 and in 
certain refractories developed from lime and dolomite [2]. Knowledge 
of the properties of 2CaO.SiOz is therefore important to the users of 
these industrial products. It was the purpose of the present study to 

I Figures in brackets indJcate literature references at the end of this pa.per. 
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determine the behavior during heating and cooling of dicalcium silicate 
in binary mixtures with oxides, which either occur in ordinary indus
trial raw materials or have been added experimentally in the manu
facture of portland cement. Such studies of simple systems are help
ful in the investigation of polycomponent systems existing in indus
trial products. 

Dicalcium silicate has three enantiotropic forms: alpha, beta, and 
gamma. The a~{3 inversion has been reported as occuring at 1,4200 

C and the (:3~'Y at 675 0 C [3]. An increase in volume of about 10 per
cent accompanies the {3~'Y inversion and causes the so-called "dusting" 
of dicalcium silicate and may result in a destructive expansion 
of materials in which it is an ingredient. Also, because gamma 
2CaO.Si02 has no hydraulic properties, it is not desired in portland 
cement clinker. Consequently, preventing the transformation of the 
beta to the gamma form is of industrial importance. It has been 
found that a number of substances prevent this transformation by 
entering into solid solution with dicalcium silicate. Studies of the 
solubility of various substances in beta dicalcium silicate are therefore 
valuable because of their bearing on the beta to gamma inversion. 
This solubility may be determined in the following way. 

If the addition of a substance to a compound having two enantio
tropic forms causes the formation of a solid solution the temperature 
of the inversion will be altered providing the solute is more soluble in 
one of these forms than in the other. When saturation is reached, no 
further change in the inversion temperature will occur upon the 
addition of more of the solute if the observed change is due entirely to 
the formation of solid solution. In this way the measurement of the 
temperature of the cx~(:3 inversion of dicalcium silicate furnishes a 
means for estimating the limit of solubility of a substance in dicalcium 
silicate. 

The addition of a substance to a compound such as dicalcium sili
cate may not only alter the temperature of the inversion but also cause 
the formation of new phases. The presence of an additional phase in a 
heat-treated preparation is evidence that the limit of solubility of the 
added substance in the compound has been exceeded at the tempera
ture of heating. The presence of the new phase may be revealed by 
an inflection on the heating and cooling curves in addition to the inflec
tion caused by the inversion. 

If it is desired to know which of several inflections on a heating or 
cooling curve represents the inversion of the compound containing 
added material, it is usually necessary to examine a suitable series of 
such curves arranged in the order of increasing amounts of the added 
substance. It will then be found that the inflection caused by the 
inversion will become smaller, whereas the other inflections will 
become larger. 

It is evident therefore that th e temperature of the cxp(:3 inversion 
of dicalcium silicate should be known accurately if one is to interpret 
properly the various inflections in heating and cooling curves. This is 
particularly important when the limit of solubility of a substance in 
dicalcium silicate is small and the temperature of the ap{3 inversion 
is changed but slightly by the addition of the substance in question. 
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As preliminary experiments with various samples of presumably 
pure dicalcium silicate prepared by the authors, and also by several 
·other investigators at the National Bureau of Standards, gave inflec
tions in heating and cooling curves that were usually higher than the 
reported temperature of the ap-{3 inversion of 1,420° C [3], it was 
decided to study the cause of this and to obtain more information on 
the ap-{3 inversion before attempting to investigate the limits of 
solubility of various substances in dicalcium silicate as determined 
by the effects on the temperature of the exp-{3 inversion. 

Zerfoss and Davis [4] apparently were also confronted with the 
question of the temperature of the ap-{3 inversion of dicalcium sili
cate, for they state "Much difficulty was experienced in detecting the 
alpha-to-beta inversion of a pure preparation of C2S in a mineralizer
free system. Despite numerous refinements in technique, one could 
not attach much certainty to the recorded inversion temperature; 
in fact only in the presence of a mineralizer (CaF2) were the authors 
able to obtain a reliable heat effect." 

The first part of the present paper deals with the application of 
heating and cooling curves to the determination of the temperature 
of the ap-{3 inversion of 2CaO.Si02 and of the effect of excess CaO or 
Si02 (oxide constituents of 2CaO.Si02) on the temperature of this 
inversion. The second part of the paper deals with the effects of 
additions of A120 a, MgO, F e20 a, CaF2, Ti02, BaO, Cr20a, Mn20a, 
V20 S, P20 S, N a20, and K20, on the temperature of the ap-{3 inversion, 
the extent to which they form solid solutions with the dicalcium sili
cate, and their effectiveness in preventing the {3 to 'Y inversion or 
dusting. 

II. MATERIALS AND GENERAL PROCEDURE FOR PRE
PARING AND TESTING MIXTURES 

All the materials were of analytical reagent quality. The source 
of CaO was precipitated "low alkali" CaCOa which contained less 
than 0.042 percent of total determined impurities, including less than 
0.010 percent of K and Na as sulfates and less than 0.010 percent 
of MgO. Silica gel with a 0.06 percent residue nonvolatile with HF 
was the source of Si02. The added substances were introduced as 
A120 a.3H20, Mg(OH)2, Fe20a, CaF2, Ti02, BaeOa, Cr20a, 2CaO.B20 a, 
Mn20a, V20 S, H 3P04, N a2COa, and K 2COa. Sufficient silica was added 
with the 2CaO.B20 a to react with the CaO and form 2CaO.Si02. 

Mixtures of CaCOa and silica gel proportioned in the molar ratio 
of CaO to Si02 of 2.00 were prepared in 100- to 200-g quantities and 
tumbled for 8 to 12 hI' in I-pt glass jars that contained a few wooden 
balls. One of these mixtures was heated for 1 hr at 1,450° C, cooled, 
and remixed by hand. This was repeated three times. The resulting 
material, largely 'Y2CaO.Si02 as shown by microscopical examination, 
was reserved as a "standard" sample of dicalcium silicate and was 
used throughout the investigation as one of the materials to calibrate 
and check the thermocouples by the temperature of its {3 to ex inversion 
as shown by heating curves. 

Portions of about 5 g of the other mixtures of CaCOa and silica gel 
were heated for Yz hI' at 1,440° to 1,480° 0, cooled, and ground in an 
agate mortar. This was repeated three times. Each portion so pre-
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pared was then placed in the crucible of the apparatus used for 
obtaining differential heating and cooling curves and heated to about 
1,470° C for 1 hr. The temperature of the a~{3 inversion was then 
determined. If the material did not give the desired temperature of 
inversion, the necessary adjustments were made on the batch material 
by adding very small quantities of CaCOa or silica gel. The reasoml 
for the necessity of thIS procedure will be discussed subsequently. 

The standardized CaCOa-silica gel mixtures so prepared and tested 
were used in making the preparations of 2CaO.Si02 with added ma
terials. About 5 g total weight of a standardized dicalcium silicate 
raw mix, plus the added material, were tumbled for 2 to 4 hr in 2-oz 
bottles that contained a single wooden ball. These preparations were 
heat-treated and remixed in the same manner as that used in testing 
the dicalcium silicate raw mix. Heating and cooling curves were 
then obtained with these mixtures. 

Small samples of dicalcium silicate with each of the various additions 
were also quenched in mercury after heating them above the {3~a 
inversion temperature 2 for one-half to one hour. These quenched 
samples were examined petrographically and X-ray patterns 3 were 
obtained representative of those preparations in which the beta form 
of the dicalcium silicate was preserved. 

III. CHOICE OF THE METHOD OF DIFFERENTIAL 
HEATING CURVES 

Time-versus-temperature curves were used in many of the previous 
studies of phase equilibria in silicate systems, including determinations 
of melting points. Rankin and Wright [3] in 1915 reported their 
value of 1,420° C for the temperature of the a~{3 inversion of 
2CaO.Si02 obtained from such curves. 

More recently differential heating curves have gained favor. One 
of the present authors [5] showed that differential heating curves 
gave an accurate location of the temperature of the {3~a inversion of 
CaS04' Such curves can be used also to determine melting points. 

A time-temperature curve for the melting of 2CaO.B20 a is shown in 
the right-hand portion of figure 1 and a time-temperature curve for 
the {3~a inversion of a sample of 2CaO.Si02 in the left-hand portion 
of the same figure. For comparison, the corresponding differential 
heating curves are also shown. It is evident from an examination 
of the two sets of curves that the differential heating curves give a 
more definite location of the temperature of change-of-phase than do 
curves of time versus temperature. Hence the selection of differ
ential heating curves in the present study. 

, In general discnssions of tbe transformation between tbe alpba and beta forms tbe symbol ap fJ is used 
to indicate tbe inversion witbout regard to tbe direction of cbange of temperature. Wben tbe tempera ture 
is raised, i. e., in beating curves, tbe direction of inversion Is from fJ to a and t he symbol fJ-tais adopted. 
Witb falling temperature tbe inversion is in the reverse direction and tbe symbol a-tfJ is used • 

• Prepared by E. Golovato and B. L. Steierman and interpreted by H . F. McMurdie. 
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FIGURE l.-Time-temperature and differential heating curves for the melting of 
2CaO.B20 a and for the f3->a inversion of 2CaO.Si02• 

The time·temperature curves, A, have been rotat.ed 90° lclockwise for comparison with the differential 
heating curves, B. Dotted lines show tbe relRtion between curve A and tbe maximum deflection of 
curve B. Time·temperature deflection data for both curves were obtained in a singl" heating of eacb 
material. Heating rate, approximately 3 degrees centigrade per minute. 

IV. APPARATUS AND PROCEDURE FOR OBTAINING 
DIFFERENTIAL HEATING AND COOLING CURVES 

The arrangement of the crucibles and supports in the furnace used 
for obtaining differential heating and cooling curves is shown in detail 
in figure 2. The crucibles were a narrow, deep type, recommended 
by White [6] for the determination of melting points. They were 
1 inch deep and semicircular in cross section, with a O.25-in. radius, 
and held 2 to 4 g of powdered material. 

The differential thermocouple, Pt:Pt- lO-percent Rh, was made of 
wire calibrated in the Bureau's Pyrometry Section. 

In obtaining the data for differential heating and cooling curves, the 
furnace temperature was changed at an approximately constant rate 
by suitable manipulation of the control [7] and of the rheostats regu
lating the heating current. Two rates were used, about 8.5 and 2.5 
degrees centigrade/min. The faster rate was used in exploratory 
tests, and the slower rate in determining more exactly the temperature 
at which the heat effects occurred. At intervals of 1 min or less, if the 
deflection was changing rapidly, readings were taken of the emf of the 
thermocouple in contact with the sample in crucible 1 (fig. 2) and of 
the deflection of the galvanometer in series with thermocouple 1 and 
the opposed thermocouple in the reference material (corundum) in 
crucible 2. Seldom more than 1 second intervened between the final 
balancing of the potentiometer and the reading of the deflection. A 

6809~2-46--3 
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FIGURE 2.-Apparatus Jor obtaining differential heating and cooling curves. 
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differential heating or cooling curve is based on a plot of these gal
vanometer deflections versus the emf of the thermocouple in the 
material under test. 

The differential heating and cooling curves presented in figure 3 
show the effects of the two rates of temperature change and the rela
tive positions of curves obtained during heating and cooling of a par
ticular preparation of dicalcium silicate. Tangents were drawn to 
facilitate selecting the temperature at which the maximum deflection 
of the galvanometer occurs when the material is heated. This pro-

1374 
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60~ ____ ~ ______ ~ ______ ~ __ ~~ ______ ~ ____ ~ 
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FIGURE 3.-Differential heating and cooling curves indicating temperature oj the 
fjpa inversion oJ2CaO.Si02• 

Rates of temperature change, 8.5 and 2.5 degrees centigrade per minute. Curves showing the greater de
flection were ohtained at the faster rate. Arrows indicate the direction of change of temperature. 

cedure of drawing tangents was found to be necessary when inflections 
on the curves were small and poorly defined. The temperature ob
tained during the heating cycle was always higher than that obtained 
during the cooling cycle of the same sample. This difference can be 
attributed to superheating or supercooling of the sample, but, because 
of the greater tendency toward supercoolin~, the temperatures ob
tained by heating were chosen as the more relIable. 

The thermocouple was checked from time to time against the melt
ing points of K2S04, 2CaO.B20 3, CaO.MgO.2Si02, or 3CaO.B20 a• 
Shifting of the thermocouple was prevented in some of the melting 
point determinations by means of a small platinum-wire guard 
clamped adjacent to the bead. 
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The temperature of the {J to a inversion of the sample of 2CaO.Si02 

reserved for calibration also served as a check on the thermocouple. 
Table 1 gives the values of 23 determinations of the {J to a inversion 
of this "standard" preparation of dicalcium silicate, as indicated by 
the maximum deflection of the differential heating curves. These 
determinations were made at intervals over a period of about 6 months. 
The average was 1,456° C, with a standard deviation of 2.20 C. The 
significance of this temperature will be discussed later. Dicalcium 
silicate was useful for the calibration because fusion did not occur, and 
hence there was no opportunity for the thermocouple to be displaced 
from its normal position. In addition, the crucible was cleaned 
easily. 

TABLE I.-Temperature of the {3~a inversion of the "standard"preparation of dical
cium silicate, as indicated by the maximum defieciion of differential heating curves ' 

Test number Inversion Test number Inversion 
t emperature t em perature 

°C °C 
1 1,458 13 1,455 
2 1,456 14 1.461 
3 1.457 15 1,457 
4 1, 452 16 1,458 
5 1,453 17 1,459 

6 1. 454 18 1, 459 
7 1,457 19 1,455 
8 1, 455 20 1,454 
9 1,456 21 1,452 

10 1,455 22 1,456 

11 1, 455 23 1,453 
12 1,455 

Average, 1. 456°C • Standard deviation, 2.2"C. 

• These determinations were made at intervals over a period of about 5 months. 

It was found that the thermocouple departed negligibly from the 
emf temperature relations given in standard tables [8]. The rough 
treatment necessary to remove the thermocouple from sintered prep
arations of dicalcium silicate containing added materials required 
that it be rewelded rather frequently. After each rewelding the 
thermocouple was recalibrated. 

V. TEMPERATURE OF THE a~{J INVERSION OF 2CaO.Si02 

As stated previously, it was found that various samples of dicalcium 
silicate which bad been prepared by several investigators at this 
Bureau gave inflections in heating and cooling curves that were higher 
than the reported temperature of the a~f3 inversion of 1,4200 C [3]. 
A total of eight batches of dicalcium silicate had been prepared and 
differential heating and cooling curves were obtained. Samples of all 
eight preparations were then carefully analyzed and the molar ratios 
of CaO to Si02 computed. Table 2 gives these molar ratios together 
with the percentage of R20 a. It also contains the values of the 
fJ~a and a~f3 inversions ascertained from the respective heating and 
cooling curves (fig. 4) by the method of drawin~ tangents, as illus
trated.~in figure 3. The rates of heating and cooling are also given in 
table 2 and figme 4. It can be seen from table 2 tha.t for each prepara-
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tion the values of the {3~a inversion obtained by heating at different 
rates agreed very well. All of the values were above 1,420° C. For 
the most part the temperatures of the a~fJ inversions for each prepara
tion also checked for the different cooling rates. However, as men
tioned previously, the temperature of the fJ~a inversions obtained 
with heating curves were invariably higher than th e t emperatures 
of the a~{3 inversions obtained with cooling curves. 

TABLE 2.-Temperatures of the {J->et. inversion obtained by differential heating curves, 
and of the et.->{J inversion by diff'erential cooling curves, of eight preparations of 
chemically analyzed dicalcium silicate compositions 

Sample 

1. _____ __ ___ ______ _ 

2 __________ _____ __ _ 

3 _________________ _ 

4 _________ ________ _ 

5 _________________ _ 

6 ___ ______________ _ 

7 _________________ _ 

8 ____________ ____ _ _ 

Rate 01 temperature 
change Temperature 01 inversion 

Molar ratio Percentage 1 ____ -;-____ 1 _____ ,--__ _ 
CaO/SiO, of R,O." 

2.06 

2.00 

2. 02 

2.01 

2.03 

2. 02 

2.01 

1.96 

Heating Cooling Heating 
{3-'>a 

·0 
1,455 

Cooling 
et.-'>{3 

% {.o/mi~. 0 ___ .. _~:~~~ __ _ 

020 0.8 ---- - - - ------- 1,454 -- --- -- ---- --· ________ __ ___ 8.4 ______________ 1,439 
_____ _______ _ 1.7 __________ ____ 1,439 

{ 
5.0 ______________ 1,450 _____________ _ 

26 0.8 --___________ _ 1,447 --- ------ -----· _____________ 8. 4 _________ _____ 1,430 
_____________ 1.7 ______ ________ 1,433 

{ 
8.4 ______________ 1,456 _____________ _ 

16 0.8 ------- - ---- -- 1,455 ----- -- --- ----· _______ ______ 8.4 ___ ___________ 1, 438 
__ ___________ 1. 7 ______________ 1,439 

{ 
8.4 __ ____________ 1, 437 _____ ________ _ 

20 1.7 -------------- 1,437 --------------· _________ ___ _ 8. 4 ___________ ___ 1,416 
_________ ___ _ 1. 7 ______________ 1, 424 

{ 
8. 4 __ .. __________ 1, 442 _____ ___ _____ _ 

· 20 _________ ~ ~ :_ -- ---- ----8~4 - ________ ~~~~~_ ---------i;427 
_____________ 1. 7 ______________ 1, 432 

{ 
8.4 ____ _____ _____ 1,439 _____________ _ 

08 1. 7 ______________ 1, 439 -------- --- ---
· _____________ 8. 4 ______________ 1,420 

_______ __ ____ 1.7 ___________ ___ 1,425 

{ 
8.4 ______________ 1,435 _____________ _ 

14 1. 7 ______ _______ _ 1, 432 ----- -- -------
· _____________ 8.4 ______________ 1,423 

____________ _ 1. 7 ________ ______ 1,426 

.14 L:::::::~:~: ::::::::::~~~: :::::::;n~: :::::::::~~~~ 
"Uncorrected for blank of approximately 0.1 percent of R,O,. 
b Second heat effect at 1,4540 C. 
o Second heat effect at 1,4560 C. 

If, instead of selecting the temperatures at which the maximum 
galvanometer deflection occurs as representing the temperature of 
inversion, those temperatures at which the breaks in the heating 
and cooling curves first started from the normal had been selected, 
then temperatures other than those recorded in table 2 would have 
been chosen. This can be seen in figure 4. In several instances, 
notably for preparations 4, 5, 6, and 8, the breaks in the differential 
heating curves started below 1,420° C. On the other hand, with these 
same preparations, the initial breaks in the cooling curves started con
siderably above 1,420° C. In only one instance (preparation 1) 
were the t emperatures of the initial breaks in both heating and cool
ing curves at approximately the same temperature. 
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The selection of the temperature at which the breaks first start 
has, however, the disadvantages not only in that there is a spread 
in the temperature range between the initial breaks of the heating 
and cooling curves but also because these temperatures often occur 
at different temperatures at different heating and cooling rates and 
of the uncertainty of their location (fig. 4). Because of these diffi
culties it seemed advisable to choose the temperature of the maximum 
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FIGURE 4.-Differential heating and cooling curves of dicalcium silicate preparations. 
Small numerals adjacent to the curves show the rates of temperature changes in degrees centigrade per 
minute. Curves plotted with maximum deflection downward were obtained with increasing temperatures. 

deflection of the galvanometer as the temperature of inversion and, 
as stated previously, to select the temperature of the f3~a inversion 
rather than the a~f3 temperature of inversion because of the greater 
tendency toward supercooling than superheating. In addition, it 
should be recalled that the temperatures obtained by this method 
checked well at different heating rates (table 2). 

In order to study the reason for the range in the observed apf3 
inversion temperatures, both heating and cooling curves were obtained 
for a series of samples in which the CaO/Si02 molar ratio was varied 
slightly by adding CaO and Si02 separately to portions of a single 
batch of dicalcium silicate base mix. 

The temperature of the f3~a inversion of this base mix, as indi
cated by the maximum deflection of the galvanometer, was 1,458° C, 
a value very close to 1,456° C, the average inversion temperature of 
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the "standard" sample reserved for calibration (table 1). The addi
tion of 0.50 and 4.00 percent of CaO (table 3) did not change the 
(3~a inversion of the base mix. Likewise, these additions of CaO 
did not alter the Ci~f3 inversion temperature. The addition of 0.12 
percent of Si02 did not lower the (3~a inversion temperature from 
1,458°C, but when the percentage was increased to 0.19, this inversion 
was lowered to 1,438° C. The further additions of Si02 (table 3) 
caused no further significant alteration of the temperature of the 
f3~a inversion. However, the addition of 1.00 percent or more of 
Si02 resulted in the appearance of a second inflection in the heating 

DEGR~~ CENnGRADE 
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14.25 15.50 
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FIGURE 5.-Differential heating curves. 
EtIect of added SiO, on tho heating curve of 20nO.SiO,. The deflection at about 1,460° obtained with 
mixtures oontaining 1.00 percent or more added SiO, is assumed to represent melting of the 30aO.2SiO..

CaO.SiO, eutectic. Heating rate 2.5 degrees centigrade per minute. 

curves (fig. 5) somewhat similar to those obtained with preparation 
number 8 shown in figure 4 where the molar ratio of CaO to Si02 

was 1.96 to 1. The relative sizes of the two inflections in the three 
upper heating curves of figure 5 demonstrate that these second heat 
effects do not represent the (3~Ci inversion temperature even though 
they occur at approximately 1,458° C. Presumably the additional 
heat effects were caused by the melting of the eutectic between 
3CaO.2Si02 and CaO.Si02 [3]. These second inflections did not 
appear on the cooling curves because the temperatures of the inflec
tions were lowered by undercoolin~ to coincide with that of the 
Ci~(3 inversion temperature of the dlCalcium silicate. 
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TABLE 3.-Results of differential heating and cooling curves of 2CaO.SiO, containing 
various added materials a 

Material added 

Percent 
OaO _________________________________ { N~~gg 

None 
0.12 
. 19 
.25 SiO,__ __ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ __ _ ___ _ . 50 

1. 00 
2.00 
4.00 

11. 7 

AJ,O, _______________________ -- - ----1 im 
10.0 
15. 0 
None 

0.12 
.25 
.50 MgO _____________________ . __________ 1.00 

2.00 
4.00 
5.00 
8.00 

None 
0. 12 
.25 
.38 Fe'O' ______ _______________ J__________ .50 

1. 00 
2.00 
4.00 
8. 25 

None 
0.25 
.50 

1. 00 
2.00 CaF. ____ ___________________________ 4.00 
8.00 _ 0.49 

-.52 
h.58 
h.70 

TiO, ___ ___________________________ ..J N~]I 
1 4. 00 

8.00 
None 

1. 00 
BaO __ __ _ _ _ _ _ _ _ _ _ _ _ ___ _ __ _ ___ _ _ _ _ _ _ _ _ ~: gg 

10.0 
20.0 
None 

1.00 
BaOi:_ __ _________ ___________ ______ __ ~: gg 

10.0 
20.0 

0.,0, ......... ....................... 1 N~; 
See footnotes at end of table. 

Temperature of heat effect b 

I_In_v_e_rS_io_n_o,f_2_C_R_0_._Si_O_'_I __ o_t_b_er_p_h_B,se_Ch_a_n_g_es_
1 
Dusted' 

Heating 
fJ~a 

·c 
1,458 
1,458 
1,458 
1,458 
1,458 
1,438 
1,437 
1,438 
1,441 
1,440 
1,440 
1,438 
1,457 
1,451 
1,443 
1,442 
1,445 
1,442 
1,440 
1,458 
1,452 
1,446 
1,438 
1,442 
1,441 
1,440 
1,440 
1,439 
1,457 
1,452 
1,448 
1,445 
1,443 
1,437 
1,438 
1,434 
1, 425 
1,458 

• 1,456 
• 1, 457 
• 1,456 
• 1,442 

1,438 
1,438 
1,457 
1,456 
1,455 
1,438 
1,457 
1,451 
1,442 
1,436 
1,435 
1,434 
1,434 
1,457 
1,445 
1,434 
1,402 
1,357 
1,260 
1,457 
1,445 
1,436 
1,406 
1,362 
1,273 
1,457 
1,449 
1, 438 
1. 420 
1,412 
1,396 
1,402 

Oooling 
~fJ 

· C 
1,443 
1,443 
1,443 
1,443 
1,442 
1,431 
1,430 
1,430 
1,429 
1,424 
1,427 

------------
1,442 
1,427 
1,432 
1,434 
1,418 
1,412 
1,405 
1, 443 
1,435 
1,427 
1,415 
1,411 
1, 412 
1,411 
1,411 
1,409 
1,440 
1,431 
1,426 
1,420 
1,417 
1,428 
1,428 
1,425 
1,418 
1,442 

• 1,441 
• 1,441 
• 1,441 
• 1,427 

1,429 
1,432 
1,438 
1,436 
1,437 
1,427 
1,440 
1,433 
1,420 
1,423 
1,424 
1,424 
1,425 
1,440 
1, 430 
1,419 
1,388 
1,339 
1,229 
1,440 
1,430 
1,419 
1,387 
1,343 
1.254 
1,442 
1,434 
1,413 
1,399 
1,386 
1,362 
1,374 

Heating 

·C 
------------
---- - ------ -
------------
------------
---_.-----.-
.- --------.-
- ---- -.-- --
------------

d 1,459 
d 1,460 
d 1,459 
d 1,456 

---- -- ------
---_.-------
------ - -- ---
- ---- - - -- ---

'1,546 
I 1,548 
'1,549 

------------
- -----------
-_ ._-- ----- -
------------
------------
- -------- ---
--------- --
--- ---------
--- --- ----
------------
------------
- ----------
------- ----
--------- --
------------
------------
-----_.- -- --
- -----------
------- ----
------------
------------
------------
--.---------
_.--- ---- - --
------------
------------
- - _._-- -_. 

----- -- - ---
-------- ----
- -----------
------------
--------- --
------- ----
----------- -

11,386 
11,390 

-------- ----
----------. 
--.---------
------------
--- -------- -
------------
--._- -------
--.---. -----
----------_. 
----- ------
------.-----
------------
---.--------
------------
------ ------
--_._-------
------------
------------
------------

Cooling 

·C 
----._--.--- + 
------------ + 
---_.-.-._-- + 
--------- - -- + 
------------ + 
.---------.- + 
.-------.-.- + 
------._---- + 
--.--- - -- --- + 

d 1, 437 + 
d 1,443 + 
d 1,434 0+ 

.-.---.----- + 
--- -.-. ----- + 
------ ----- - + 
----- ------ + 

11,505 + 
11,510 + I 1,520 + 

------------ + 
-- ---- .---. - + 
._----.-_ .. - + 
. _--.-. - ---- + 
--- --------- + 
--.- - ---- - -- + 
--- -------- + 
----- -- - ---- + 
- -- -- ------ + 
----------- - + 
- ---------- + 
- --- -------- + 
------- ----- + 
------------ + 
----- ---- --- + 
----- --- ---- + 
- --_._----- + 
------------ + 
------- ---- + 
- ---------- - + 
--------_._- + 
- ------- ---- + 
------------ + 
------------ + 
------- ---- + 
-------_.--- + 
-------- --- - + 
--------- - -- + 
------- ---- + 
--_._-----_. + 
------------ + 
------------ + 
------ ------ + 
----- - ----- - + 

I 1,307 + 
------ .- --- - + 
------------ + 
--.------_.- + 
----._------ + 
-_._- -_._--- + 
------------
- ------- --. 
----.------- + 
----------.- + 
--- - ----- --- + .-_. _--_. __ . + 
------------
--------.---
--.------ --- + 
------_.---- + 
--- -------- - + 
- - --- -- -----
------_._---
----.-----_. 
------------
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TABLE 3.-Results of differential heating and cooling curves of 2CaO.Si02 containing 
various added materials a-Continued 

Temperature of heat effect b 

Material added Inversion of 2CaO.SiO, Other phase changes Dusted' 

Percent 

B,O,k ______________________________ _ 

Mn,O. _______________________ _ . ____ _ 

V,o. ___ ____________________________ _ 

None 
0.25 
.50 

1. 00 
2.00 
4.00 

8.00 

Heating 
fJ--7a 

·0 
1,457 
1,430 
1,408 
1,387 
1,355 
1,327 

1,306 

Cooling 
a--7{J 

·0 
1,442 
1,412 
1,391 
1,367 
1,339 
1,309 

1,285 

None 1,458 1,442 
0.12 1,455 1,439 
. 25 1, 452 1, ~34 
. 50 1,446 1, 424 

1. 00 1,435 1, 410 
2. 00 1,425 1,394 

Heating 

11,117 
m 1, 175 
11,121 

m 1,177 

Cooling 

11,019 
m 1,142 
11,072 

m 1,100 

__ ~~~~ ____ . __ ~~~~~ _______ ~~!~~_ :::::I:i;~i: -----:T~f 
None 

.25 

.50 

. 75 
1.00 

1.50 

2.00 

1,457 
1, 433 
1,428 
1,422 
1,416 

1, 408 

1,392 

1,440 
1,418 
1,406 
1,399 
1,387 

1,379 

1,367 

-----ii;453- :::::::::::: 
-----.-i;267· :::::::::::: 

11,443 ___________ _ 
11,263 _________ __ _ 
Q,447 11,399 
11,254 _____ ______ _ 
I 1, 439 I 1,396 

P,o._. ____ ------------- ----------- --1 TM 0.25 
.50 

4.00 

1,456 
1.390 
1,372 
1,342 
1,445 
1,432 
1,290 
1,456 
1,443 
1, 425 
1,396 
1,346 

1,438 
1,349 ---- -;,-i;453· ---- ;-i;42:i-
1, 332 " 1, 437 " 1, 402 

__ ~______ _ __ D 1,451 D 1,300 
1,429 _______________________ _ 
1,404 ___________ . __ ___ ___ __ _ _ 

________ __ ._ "1,452 nl,424 
None 
h 0.16 

N a,O __________________________ . ____ _ ~: ~~ 

h 1. 32 
b 2. 97 
None 
h 0.26 

K,O ____ . __________ __________ ______ __ ~: ~~ 

h.34 
h.63 

1,456 
1,458 
1,450 
1,454 
1,430 
1,402 

1,438 
1,427 
1,412 
1,385 
1,335 
1,272 
1,438 
1,435 
1,431 
1,435 
1,420 
1, 393 

; 1.288 
11,290 
11 292 
i 1: 295 

; 1,237 
11,249 
11,252 
11,262 

+ 

+ + 

+ + 

+ 

+ + + + + + + + + + + + 
• The rate of temperature change was constant, usually about 2.5 degrees centigrade per min. The ma

terials were added to portions of mixtures, prepared in 100- to 200·g quantities, of CaCO, and silica gcl with 
a molar ratio CaO/SiO, of 2.00. Preparations were heated for .. hr at 1,440· to 1,480· C, cooled, and ground. 
This was repeated 3 times. The samples were placed in the apparatus and held for 1 hr at 1,460· to 1,480· 
C before obtaining the heating and cooling curves. 

b Temperatures were given by the intersection of tangents drawn to the iutlections on the differential 
heating and cooling curves. 

• A plus sign in the "Dusted" column indicates that the sample underwent the volume change accom
panying the {J-"Y inversion of 2CaO.SiO,. 

d Melting or freezing of the eutcctic 3CaO.2SiO,..CaO.SiO,. G. A. Rankin and F. E. Wrignt, Am. J. 
Sci. [4], 29, 1 (1915). 

• Incomplete dusting. 
r Melting or freezing of the eutectic 2CaO.SiO,-2CaO.SiO,.A],O.. See reference in footnote d. 
• Inversion temperatures disrei?;arded because of volatility of some of the fluorine in the addedCaF,. 
h Calculated [rom analysis maae after the experiment. Analyses by R. B. Pop pIer. 
; Unidentified. 
I Added in combination with silica gel in molar ratio 2BaO:SiO,. 
k Added as 2CaO.B,0. with silim. gel in molar ratio 2CaO.B,0,:SiO •. 
1 Melting or freezing of the eutectic 2CaO.SiO,-CaO.SiO,-2CaO.B,O,. E. P. Flint and L. S. Wells, J. 

Research NBS. 17 727 (1936) RP941. 
m Boundary 2Ca6.SiO,-CaO.SiO,. See reference in footnote I. 
n Invariant point 2CaO.SiO,..3CaO.2SiO,-7CaO.2SiO,.P,0.. R. L. Barrett, and W. J. McCaughey 

Am. Mineral. 27, 680 (1942). 
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To summarize, one may assume that the inversion temperature of 
pure dicalcium silicate is 1,438° C and that a small quantity of CaO 
raises this temperature to 1,456° C, or, inversely, that the true inver
sion temperature is 1,456° C and that a small quantity of Si02 10wers 
it to 1,438° C. 

Because it is difficult to determine the percentages of CaO and 
Si02 within a few hundredths of a percent by chemical analysis, it is 
apparent that it is preferable to adjust the a~{3 inversion temperature 
of all samples of 2CaO.Si02 at a fixed temperature by the addition of 
very small quantities of either CaO or Si02 rather than to depend on 
chemical analysis and obtain preparations which may give different 
inversion temperatures. As the present study was concerned witb tbe 
effect of various substances on dicalcium silicate, and as the change 
in the a~{3 inversion temperature was of such importance, a fixed 
temperature for this inversion seemed highly desirable. The reference 
temperature chosen was 1,456° C (table 1), the t emperature of the 
{3~a inversion on the batch of dicalcium silicate reserved for calibra
tion. Mixtures of CaCOa and silica gel that did not give the value of 
1,456° C for the {3~a inversion with heating curves within the stand
ard deviation of 2.2° C (table 1) were adjusted to give this tempera
ture. It is realized that 1,456° C may not represent the true inversion 
temperature, and that the preparations could have been adjusted 
equally well to 1,438° C, the temperature obtained by the addition of 
small quantities of Si02 • 

VI. EFFECT OF ADDED MATERIALS ON 2CaO.Si02 

Attention will now be directed to the1leffect onTdicalcium silicate 
of added material other than CaO and Si02 already discussed. 
Table 3 gives the temperature of the (3~a inversion of each raw mix 
of 2CaO.Si02 obtained by heating curves and the temperature of the 
a~{3 inversion obtained by cooling curves, as well as the effect of 
increasing quantities of the various added materials on these inversion 
temperatures. In addition, it gives the temperature of heat effects 
produced by phase changes other than the {3~a and a~{3 inversions 
and the identification of certain of these with the corresponding 
literature references. Whether the sample underwent a volume 
change accompanying the {3~'Y inversion of 2CaO.Si02 is noted in the 
last column. 

When phase changes in addition to the a~{3 inversion occurred with 
the dicalcium silicate containing added materials (AbOa, Ti02, B20 a, 
Mn20 g, V20 S, P20 S, and Na20), the shapes of the heating curves were 
typical of those obtained with increasing amounts of Si02 (fig. 5) . 
Where additional phase changes did not occur (MgO, Fe203, CaF2, 

BaO, Cr203, and K20) the shapes of the curves more closely resembled 
those for the addition of BaO shown in figure 6. The effects of the 
various additions are summarized graphically in figures 7, 8, 9, 10, 
and 11. 

It can be seen from the data of table 3 and the plot of figure 7 that 
AI20 a, MgO, F~03, Ti02, and CaF2 resembled each other in their 
effects on the {3~a inversion in that a rather small quantity of allY 
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f~~-:-~~l 
1200 12.50 13.00 

IO.O~ 
s .•• ~ 

' .. ~ 

/3./0 13.50 14.00 14-50 15.00 
EMF IN MILUVOLTS 

FIGURE 6.-Differential heating curves. 

Effect of added BaO on the heating curve of 2CaO.SiO,. Heating rate 2.5 degrees centigrade per minute. 

ADDED MATERIAL, PERCENT 

FIGURE 7.-Effect of AI,Os, MgO, Fe20s, CaF" and Ti02 on the ~-a inver3ion of 
2CaO.Si02 

Points represent temperl>tures of maxima on diflerentlal heating curves. Open circles and sqUl>res repre· 
sent the inversion of 2CaO.SiO., Closed circles represent other heat effects, unidentl.fied for TiO. and 
assumed to be the melting of the eutectic 2CaO.SiO,..2CaO.Al,O •. SiO, in the diagram for AbO,. In the 
diagram for CaF" squares represent analyzed samples and Clo~ represent data g.iven by S. Zerfoss. Thesis, 
Tile Pennsylvania State College, 1942. 
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one of these compounds lowered the temperature of inversion to 
ll,pproximately 1,4400 O. As mentioned previously, Si02 also lowered 
this inversion temperature to approximately this same value. The 

"M~ 

1400~'ll'O----" 1 

o 10 20 
ADDEO MA TERIAL. PERCENT 

FIGURE S.-Effect of BaO and Cr203 on the {3---+a. inversion of 2CaO.SiO,. 
Points represent temperatures of maxima on differential heating curves. BaO was added hoth alone as 

the carbonate (open circles) and in combination with silica gel in the molar proportions 2BaO.SiO, (crosses). 

MOO 

/300 

~ 
~ • 
~ 

1 
~ 1400 . 

~OS 
~ 

~ 
~ lJNIDCNT"iFI£D 
q: 

--.J ~ 1300 
C:i 

1200 
0 2 3 4 

AODEO .wi TERIAL. PERCENT 

FIGURE 9.-Effect of V20 S and P,Os on the {3-+a. inversion of 2CaO.Si02• 

Points represent temperatures of maxima on difierential heating curves. Open circles represent the 
fJ-ta inverSIOn at 2CaO.SiO,; closed circles represent other heat effects. Closed circles in the diagram for 
P,O. represent the invariant point 2CaO.SiO,·3CaO .SiO,-7CaO.2SiO,.P,O •. R. L. Barrett and W. J. 
McCaughey. Am. Mineral. %7.680 (1942). Crosses represent data given by S. Zerfoss. Thesis. The Penn· 
sylvania State College. 1942. 

additions of larger amounts of Ti02 or of AI20 a caused the ap:pearance 
of heat effects in addition to that caused by the aPfJ inversIOn, and 
in ' this respect resembled the behavior of SiO,. Additional hea.t 
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effects were not observed between 1,250° and 1,540° C for dicalcium 
silicate with the other added materials of this group. Under the 
conditions prevailing in these experiments, none of these compounds 
prevented the {J----ry inversion of 2CaO.Si02, or dusting . 

1500 . 
Ult'lD£HrlF/£D ? 

1400~ 

1200 

AOOEO MA TERIAL, P£RCENT 

FIGURE lO.--Effect of B20 a and Mn20a on the {3->a inversion of 2CaO.Si02• 

Points represent temperatures of maxima on differeutlal heating curves. Open circles represent tbe 
{3-'>" Inversion of 20aO.SiO,; closed circles represent otber heat effects, unidentified in tbe case of Mn,O,. 
In tbe diagram for B,O, these beat effects are assumed to represent tbe melting of tbe ternary eutectic 
20aO.SiO,-OaO.SiO,-20aO.B,O. at 1,118° C, and tbe disappearance of the pbase OaO.SiO, at 1,176° O. 

"WL :. ~o I 
1400~ ~ __ ~ __ -L ___ ~ ___ -L ________ ~_ 

It 
lI! 
~/300~~~~:=r=~~E=~~:=::~::~~f-_~--1 

o I 2 3 " 
A()O£O MA T£RIAL, PERceNT 

FIGURE 11.--Effect of Na20 and K20 on the {3->a inversion of 2CaO.Si02• 

Points represent temperatures of maxima on tbe differential beating curves. Open circles represent the 
{3-'>" inversion of 20aO.SiO., closed circles represent au unidentified beat effect. Tbe compositions of 
these samples were determined by analysis after the beating curves were obtained. 

Burdick [9], using heating curves, reported a maximum solubility 
of about 0.5 percent of Fe203 in dicalcium silicate and a lowering of 
the {3~a inversion temperature to 1,361° C. He also reported a 
ternary eutectic (2CaO.Si02-3CaO.Si02-2QaO.Fe203) melting at 
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1,414° C, and a eutectic between 2CaO.Si02 and 2CaO.Fe20a melting 
at 1,428° C. Heat effects corresponding to these phenomena were 
not observed in the present work. 

It can be seen in figure 7 that additions of 4.00 and 8.25 percent of 
F e20 3 caused a slight lowering of the {3~ex inversion temperature 
beyond that caused by additions of 1.00 and 2.00 pel cent. It is 
believed, however, that the abrupt change in slope of the curve at 
about 1.00 percent more nearly indicates the limit of solid solution of 
Fe20a in ex-2CaO.Si02 than does the slight further lowering with the 
addition of 4.00 percent or more of Fe203. 

Four preparations, to which had been added 0.25, 0.50, 1.00, and 
2.00 percent of CaF2, gave {3~ex inversion temperatures of 1,456°, 
1,457°, 1,456°, and 1,442° C respectively (table 3). Larger additions 
(4.00 and 8.00 percent) of CaF2 lowered the temperature of the {3~ex 
inversion but slightly. Realizing the probability that some of the 
fluorine of CaF2 might be volatilized during heating, the first four 
mixtures, to which had been added 0.25, 0.50, 1.00, and 2.00 percent 
of CaF2, respectively, were analyzed for fluorine 4 after the determina
tions of the inversion temperature, and the percentage of CaF2 

remaining was calculated and found to be 0.49, 0.52, 0.58, and 0.70 
percent, respectively. Although there appeared to be more CaF2 

(0.49 percent) in the mixture to which had been added but 0.25 
percent, it should be realized that the determination of only 1 or 2 
tenths of a percent of fluorine is subject to considerable error. The 
loss of fluorine in the preparations to which had been added 1.00 and 
2.00 percent of CaF2 (and where the method of analysis is more 
reliable) appears to be appreciable and the abrupt decrease in the 
(:3~ex inversion temperature consequently appears to be between 0.58 
and 0.70 percent of CaF2 (see table 3 and fig. 7) rather than between 
1.00 and 2.00 percent. Hence, it is concluded that the limit of solu
bility of CaF2 in 2CaO.Si02 is about 0.7 percent. This abrupt change 
in (:3~a inversion temperature is represented in figure 7 by squares. 
The percentage of CaF2 originally added is not plotted in figure 7 
except for the 4.00 and 8.00 percent, where the values are plotted as 
open circles. This seems justified since the loss of a portion of the 
4 percent and 8 percent additions of CaF2 would have little or no 
effect on the temperature of the {3~ex inversion. A curve was then 
drawn connecting the plotted points. The right-hand portion of the 
curve agrees very well with the values of the a+=±(:3 inversion tempera
ture obtained by Zerfoss [10], and indicated by crosses. The present 
investigation shows that, starting with a raw base mix of 2CaO.Si02 

where the (:3~ex inversion temperature was 1,458° C, the addition of 
CaF2 lowers this temperature 20° C when 0.7 percent or more is 
added. Zerfoss noted that his values for the actual temperature of 
inversion in the presence of CaF2 were higher than the temperature 
reported in the literature for 2CaO.Si02 (1,420° C see [3]). Whether 
one concludes that the temperature of inversion is raised or lowered 
by addition of CaF2 depends, therefore, on what temperature is 
accepted as that representing the a+=±(:3 inversion of 2CaO.Si02, and 
shows the importance of fixing this temperature. 

The data shown in figure 7 and in table 3 indicate maximum solu
bility limits for AI20 a, MgO, Fe20a, CaF2, and Ti02 in ex-2CaO.Si02 of 
approximately 0.5, 0.5, 1.0, 0.7, and 1.0 percent, respectively . 

• The preparations were analyzed by R. B. Peppler. 
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2. 2BaO.Si02 AND BaO 

The effect of both barium orthosilicate, 2BaO.Si02 and of 
BaO, on the {3--'Nx inversion of 20aO.Si02 was investigated. For 
studying the effect of 2BaO.Si02, the samples were prepared by adding 
BaOOa and silica gel to the dicalcium raw mix in the mole proportions 
of BaO and Si02 of 2:1. Toropow and Konowalow [11] have reported 
that barium orthosilicate forms a complete solid solution series with 
calcium orthosilicate, 20aO.Si02, basing their conclusions on measure
ments of refractive indices and density. The lowering of the {3~a 
temperature of inversion as obtained by heating curves (represented 
by crosses in fig. 8) confirms their work, since the temperature of this 
inversion continued to be lowered by all of the added increments of 
2BaO.Si02 made in the present study. It was found also that a 
similar lowering was caused by the adding of BaO (see the curve 
through the open circles in fig. 8). 

The existence of a solid solution series of the substitution type was 
indicated by the X-ray diffraction patterns of {3-20aO.Si02 containing 
2BaO.Si02• These patterns showed a slight shift of some of the lines 
from their normal position for {3-20aO.Si02• 

The additions of BaO, either as BaO or 2BaO.Si02, did not prevent 
the {3~'Y inversion until the equivalent of 10 percent of BaO had been 
added (table 3). 

3. Cr20S 

The temperature of the {3~a inversion of dicalcium silicate was 
lowered to about 1,400° 0 by 01'20 3 (fig. 8) and the limit of solubility 
in the a form, as indicated by the heating curves, was approximately 
2.5 percent. Solid solution in the {3 form, indicated by the green color 
of the crystals, the inhibition of the {3~'Y inversion, and the raising of 
the refractive indices [12] must be less than 2.5 percent as the inversion 
temperature is lowered by the addition to the solute. 

The oxides VzOs and P 20s (fig. 9) and B20 a and Mn20a (fig. 10) re
sembled each other in their effects on dicalcium silicate. These oxides 
lowered the a~{3 inversion temperature. They also prevented the 
{3~'Y inversion (dusting) and in this respect, resembled Or20a. 

The heating curves of dicalcium silicate containing either V20 5, 

P20 S , B20 3, or Mn203, were characterized by one or more heat effects in 
addition to that caused by the inversion. The inversion temperatures 
of preparations containing V20 S or P20 S were lowered continuously by 
further increments of these oxides after the appearance of heat effects 
at higher temperatures. Normally, heat effects occurring above the 
inversion temperature, where a-20aO.Si02 is the stable form, would 
indicate that the limit of solubility of the added substance in this form 
of 20aO.SiOz had been exceeded and further lowering of the at={3 
inversion should not occur. The authors have not found a satis
factory explanation for the apparent contradiction in the cases of 
V20 S and P20 S• Nevertheless, the first appearance of heat effect at 
temperatures above that of the a~{3 inversion has been assumed to 
signify the limits of solubility. Therefore, from figures 9 and 10, the 
limits of solubility of V20 S, P 20 5, B20 3, and Mn20a, in 20aO.Si02 have 
been estimated not to exceed 0.5, 1.0,8.0, and 8.0 percent, respectively. 
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That both BzOa and MnzOa are soluble in tJ-2CaO.Si02 are indicated 
by the changes they produce in the refractive index of {j-2CaO.Si02, by 
their prevention of the tJ to 'Y inversion, and, in the case of Mn20a, the for
mation of colored crystals of tJ-2CaO.si02. The appearance of addi
tional heat effects (fig. 10) at temperatures below the {j --'N:I'. inversion, 
where tJ-2CaO.si02 is the stable form, indicates that the limit of solu
bility of B20 a in tJ-2CaO.Si02 does not exceed 4.00 percent. The ad
ditional heat effects were caused by the melting of the ternary eutectic 
(2CaO.Si02-CaO.Si02-2CaO.BzOa) at 1,118° C [13], and the disappear
ance of the phase CaO.Si02 at 1,176° C. 

A limit of solubility of Mn20a in tJ-2CaO.si02 of not exceeding 4.00 
percent was indicated by the presence of an additional phase among 
the greenish crystals of a preparation of tJ-2CaO.si02 to which 4.00 
percent of Mn20a had been added. 

The present data indicate two minor changes in the ternary diagram 
of the sysem CaO-BzOa-SiOz as portrayed by Flint and Wells [13]. 
The solid-solution area shown in their report apparently should ex
tend at least as far as the line joining 2CaO.Si02 and BzOa, and the 
boundary between a- and tJ-2CaO.SiOz should curve somewhat more 
abruptly so as to cross the 1,300° C isotherm at about the intersection 
with 2CaO.Si02-Bz0 3 tieline. 

s. Na20 AND K 20 

The alkalies, NazO and KzO, were somewhat volatile under the 
conditions encountered in preparing the samples and obtaining the 
heating and cooling curves. The points in figure 11 are based on the 
percentage of alkali calculated from chemical analyses of the mixtures 
after the experiments had been completed. The data for K20 are 
limited to a narrow range of composition because of the relatively 
large loss by volatilization. However, 0.6 percent of K20 lowered 
the temperature of the {j--'>a inversion of 2CaO.Si02 to 1,402° C. It 
was found that N azO lowered the temperature of the {j --'>a inversion 
to about 1,290° C where it became indistinguishable from another 
and unidentified heat effect. The limit of solubility of N a20 in a-
2CaO.Si02 is uncertain but probably exceeds 1.3 percent. The limit 
of solubility in tJ-2CaO.Si02 is less than 0.4 percent, as indicated by 
the appearance of the additional heat effect at 1,288° C. 

VII. X-RAY DIFFRACTION PATTERNS 

The X-ray diffraction patterns of samples containing BaO, P20S, 
N a20, and KzO showed slight shifts in certain lines of the X-ray pat
tern of {j-2CaO.SiOz, indicating that these materials form solid solu
tions of the substitution type. Shifts in the lines were not observed 
in patterns of dicalcium silicate containing AI20 a, Ti02, Cr20a, B20 s, 
Mn~03' or VzOs. Because the tJ form of dicalcium silicate was not 
retained in quenched samples of the preparations to which had been 
added MgO, FezOa, CaO, or Si02, X-ray diffraction patterns were 
not prepared. Burdick [9] succeeded in preserving the {j form of 
2CaO.SiOz in a preparation containing F ezOa by heating and dehy
drating a mixture of FezOa and the dicalcium silicate hydrate, 
10CaO.5SiOz.6HzO. The X-ray pattern of the resulting preparation 
showed a slight shift in the lines characterizing f3-2CaO.SiOz, and there-
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fore confirmed the presence of a limited solid solution of Fe20a in 
dicalcium silicate. 

VIII. ~~'Y INVERSION OF 2CaO.si02 

The expansion accompanying the ~~'Y inversion of dicalcium silicate 
results in the crumbling to a fine powder, or "dusting," of portland 
cement clinker containing substantial quantities of unstabilized 
~-2CaO.Si02' The inversion of even a moderate amount causes 
sufficient expansion to produce cracking or disintegration of material 
such as blast furnace slag and dolomitic refractories. 

In the case of portland cement clinker the 'Y form is undesirable since 
it has no hydraulic properties, and, consequently, does not contribute 
to the strength of the hardened cement, whereas ~ dicalcium silicate 
is a valuable constituent because of its hydraulic properties. 

It has been observed [4) that Cr203, B20 a, P20 S, V20 S, and As20 5 

prevent the ,B~'Yinversion when present in comparatively small amounts. 
These materials have been termed chemical inhibitors of "dusting", 
and Mn203 should be added to this list. Zerfoss and Davis [4) have 
explained that such inhibitors prevent the ~~'Y inversion by entering 
into solid solution with dicalcium silicate, and that other substances 
may prevent this inversion by physically restraining the particles 
from expanding, or by isolating the crystals of ~-2CaO.Si02 from 
points initiating the inversion. It is believed by many in the cement 
industry [14) that A120 3, MgO, Fe20a, or any material which is present 
as glass, may prevent dusting. 

IX. SUMMARY AND CONCLUSIONS 

Details were given of the application of differential heating and 
cooling curves to the determination of the temperature of the Q':F±~ 
inversion of 2CaO.Si02, and to the measurement of limits of solid 
solution of CaO, Si02, AI20 s, MgO, Fe203, Ti02 , CaF2, BaO, Cr203, 
V20 S, P20 S, B 20 3, Mn203, N a20, and K 20 in dicalcium silicate. 

It was found that the ap-~ inversion temperature is sensitive to 
variations from the molar ratio 2CaO:Si02• By means of heating 
curves it was possible to observe not only the effects of chemically 
undetectible variations from the 2:1 molar ratio, but also the limits 
of solid solution of these oxides in a-2CaO.Si02, and the formation of 
additional crystalline phases. 

As an increase in volume of about 10 percent accompanies the ~~'Y 
inversion of 2CaO.Si02, and causes the so-called "dusting" of dical
cium silicate and may result in a destructive expansion of materials 
in which it is an ingredient, the effectiveness of these oxides in pre
venting this inversion was studied. Also, because 'Y-2CaO.Si02, in 
contrast with ~-2CaO.Si02' has no hydraulic properties, it is not 
desired in portland cement clinkers. 

It was emphasized that lowering of temperature of the ap-{3 inver
sion indicated greater solubility of the added material in the aJpha 
form of dicalcium silicate than in the beta, and that the limit of solu
bility in the alpha form had been reached when the addition of more 
of the solute caused no further change in the temperature of the 
ap-~ inversion. 

The limits of solubility of AI20 3, MgO, Fe203, and Ti02 in a-2CaO.
Si02 were estimated to be 0.5, 0.5, 1.0, 0.7, and 1.0 percent, respec-
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tively. The limits of solubility in ,s-2CaO.Si02 must be less, since 
the temperature of the inversion was lowered. None of the materials 
prevented dusting. 

The limit of solubility of BaO'or 2BaO.Si02 in dicalcium silicate was 
not reached. Other investigators have reported that 2CaO.Si02 and 
2BaO.Si02 form a complete solid solution series and the data obtained 
in this investigation (including X-ray diffraction patterns of 
(3-2CaO.Si02 containing 2BaO.Si02) support that conclusion in the 
range of compositions studied. The additions of BaO, either as 
BaO or 2BaO.Si02, did not prevent the {3~'Y inversion (and "dusting") 
until the equivalent of 10 percent of BaO had been added. 

The limits of solubility of Cr203, V20 S, P20 S, B20 a, and Mn20a were 
estimated to be 2.5,0.5, 1.0,8.0, and 8.0 percent, respectively. Prep
arations containing these materials gave evidences of their solu
bility in .B-2CaO.Si02 by changes in color or refractive index, and the 
absence of dusting. The limits of solubility of both B20 a and Mn20a 
in {3-2CaO.Si02 were estimated not to exceed 4.0 percent. 

The volatility of the alkalies, Na20 and K20, hindered the study 
of their effects on 2CaO.Si02 and no estimate of the solubility of 
K20 was made. It was estimated that the limit of the solubility of 
Na20 in a-2CaO.Si02 was slightly in excess of 1.3 percent, and that 
its solubility in the {3 form did not exceed 0.4 percent. 

Limiting values of the solubility of Ti02, B20 s, V20 S, Mn20a, or 
Na20 in {3-2CaO.Si02 were shown by the presence of other phases in 
addition to 2CaO.Si02• The additional phase was observed micro
scopically for Mn20a; with the other oxides by inflections on heating 
and cooling curves in addition to the inflection caused by the a-.;::±,s 
inversion of dicalcium silicate. 

This investigation has shown that most of the common oxides 
change the temperature of the a-.;::±,s inversion of 2CaO.Si02 and that 
Mn20a should be added to the list of known chemical inhibitors that 
prevent dusting. 

X. REFERENCES 

[1] T. W. P arker and J. F. Ryder, J. Iron Steel Inst. (London) U6, 21P (1942). 
[2J G. E. Seil and staff. J. Am. Ceram. Soc. 20, 1 (1941). 
[3J G. A. Rankin and F. E. Wright, Am. J. Sci. [4J 29,1 (1915). 
[4J S. Zerfoss and H. M. Davis, J. Am. Ceram. Soc. 26,302 (1943). 
[5J E. S. Newman, J. Research NBS 27,191 (1941) RP1413. 
[6] W. P. White, Am. J. Sci. [4J 28, 453 (1909). 
[7J H. S. Roberts, J. Opt. Soc. Am. & Rev. Sci. Inst. 11,171 (1925). 
[8J W. F. Roeser and H. T. Wensel, BS J. Research 10, 275 (1933) RP530. 
[9J M. D. Burdick, J. Research NBS 25, 475 (1940) RP1340. 

[10J S. Zerfoss, Thesis. The Pennsylvania State College (1942). 
(11) N. A. Toropow and P. F. Konowalow, Compt. rend. acado sci. U. R. S. S. 22, 

663 (1938). 
[12J P. H. Bates and A. A. Klein, BS Tech. Pap. 78 (1917). 
(13) E. P. Flint and L. S. Wells, J. Research NBS 17, 727 (1936) RP941. 
(14) R. H. Bogue, private communication. 

WASHINGTON, September 28, 1945. 


	jresv36n2p_137
	jresv36n2p_138
	jresv36n2p_139
	jresv36n2p_140
	jresv36n2p_141
	jresv36n2p_142
	jresv36n2p_143
	jresv36n2p_144
	jresv36n2p_145
	jresv36n2p_146
	jresv36n2p_147
	jresv36n2p_148
	jresv36n2p_149
	jresv36n2p_150
	jresv36n2p_151
	jresv36n2p_152
	jresv36n2p_153
	jresv36n2p_154
	jresv36n2p_155
	jresv36n2p_156
	jresv36n2p_157
	jresv36n2p_158

