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The sample having composition of the eutectic melt in the system 
ЗСаОАЬОз— 12СаО-7А12Оз—2Ca0Si02 (51.97 mass % CaO, 41.34 
mass % A1203, 6.69 mass % Si02) and y-Ca2Si04 were prepared by reac­
tions of components in solid phase. Next two phases formed at crystallization 
of the eutectic melt at equilibrium temperature of 1335 °C (ЗСаО-A1203 and 
12CaO-7Al203) were prepared by a precursor method. 

For determination of the temperature dependence of the specific relative 
enthalpy of the eutectic melt the combination of drop calorimetry with data 
obtained from the calorimeter for determination of heats of dissolution was 
used. Temperature dependences of specific relative enthalpies of C3A, G2A7, 
and ß-C2S were determined on the basis of literature data and measured values 
of the specific heat of dissolution of C3A, d2A7, and y-C2S. Using the values of 
specific relative enthalpy of the eutectic melt, C3A, d2A7, and /3-C2S related to 
the equilibrium temperature 1608 К and material balance of crystallization of 
the eutectic melt the specific enthalpy of crystallization of the eutectic melt was 
determined: A ̂ ( e u t . m e l t ; 1608 K) = ( - 607 ± 28) kJ kg-1. 

Посредством реакций в твердой фазе был приготовлен образец 
с составом эвтектического расплава из системы ЗСаОАЬОз—12СаО-

7А1203—2CaOSi02 (51,97 вес. % СаО; 41,34 вес. % А1203 и 6,69 вес. 
% Si02) и y-Ca2Si04. Следующие две фазы, образующиеся при кристалли­
зации эвтектического расплава при равновесной температуре 1335 °С 
(ЗСаОАЬОз и 12СаО-7А1203) были приготовлены методом прекурсора. 
С помощью сочетания измерений на вбрасываемом калориметре и кало­
риметре, служащем для определения теплот растворения, была найдена 
температурная зависимость измеряемой относительной энтальпии эвтек­
тического расплава. Температурные зависимости измеряемой относи­
тельной энтальпии СзА, G2A7 и ß-C2S были установлены на основании 
данных из таблиц и измеренных величин измеряемой теплоты растворе­
ния СзА, Ci2A7 и y-C2S. Используя величины измеряемой относительной 
энтальпии эвтектического расплава, С3А; Ci2A7 и j3-C2S при равновесной 
температуре 1608 К и материальном балансе кристаллизации эвтектичес­
кого расплава, была определена измеряемая энтальпия кристаллизации 
эвтектического расплава: Afccry^eut.melt; 1608 К) = (-607±28) 
кДж кг"1. 
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Composition and content of liquid phase formed at the production of cement 
clinker influences its technological properties. As the heat liberated at total or 
partial crystallization of these melts can influence the course of reactions in 
adjacent phases, its determination is of principle importance. 

The aim of this work is the determination of the enthalpy and entropy of 
crystallization of C3A, Ci2A7, and C2S from eutectic melt of composition [1] 51.97 
mass % CaO, 41.34 mass % A1203, and 6.69 mass % Si0 2 at the equilibrium 
temperature 1335 °C and determination of the heat of crystallization of this melt 
when it is cooled from 1335 °C to 25 °C. (The symbols C, A, and S in formulas 
denote CaO, A1203, and Si0 2 , respectively.) In the phase diagram of the system 
C3A—Ci2A 7—C2S the eutectic point at the temperature of 1335 °C is the invariant 
point with the lowest temperature [2]. 

For determination of the enthalpy of crystallization of C3A, Ci2A7, and C2S from 
the eutectic melt at 1335 °C an undirect calorimetric method was used. For 
applying this method knowledge of the values of relative enthalpies of single phases 
which take part in the crystallization process at the temperature of 1335 °C as well 
as the material balance of the process is needed. Masses of C3A, Ci2A7, and ß-C2S 
crystallizing from 1 kg of the eutectic melt (eut.melt) were determined on the basis 
of material balance of CaO, A1203, and Si0 2 in the eutectic melt, C3A, Ci2A7, and 
C2S. It follows 

1 kg eut.melt -> 0.0189 kg Q A + 0.7893 kg C1 2A7 + 0.1918 kg j3-C2S (A) 

With respect to this scheme we can write on the basis of the Hess law for calculation 
of the specific heat of crystallization of the eutectic melt at the equilibrium 
temperature T e q = 1608 К (A/icryst(eut.melt; 1608 K)) the following relationship 

Afccryst(eut.melt; 1608 K) = 0.0189ftre,(C3A; 1608 K) + 

+ 0.7893fcrel(C12A7; 1608 K) + 0.1918Aire,(ß-C2S; 1608 K ) -

-lfc re l(eut.melt; 1608 K) (1) 

Ahi are given in k J kg -1. 
The specific relative enthalpy (hrc\) of corresponding phase equals — with 

opposite sign — to the sum of values of specific changes in enthalpy of the phase at 
its cooling from given temperature to 298 KÍA/ÍCOOI) plus the heat of dissolution of 
this phase at 298 K (AftSOI) [3, 4] 

hTCl = - (Afrcool + Afrsoi) (2) 

Thus this specific relative enthalpy is related to a reference state defined by the 
state of solution of the phase in suitably chosen dissolution mixture. 

The values of ftrel of the eutectic melt, C3A, Ci2A7, and /3-C2S at Teq= 1608 К 
were calculated from temperature dependences of hrcl of these phases determined 
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in suitably chosen temperature intervals. The temperature dependence of hrcl of the 
eutectic melt was obtained by measuring Ahcoo\ using the drop calorimeter and 
Aftsoi obtained in a dissolution calorimeter. The temperature dependences hTC] of 
the phases C3A, Ci2A7, and j3-C2S were determined on the basis of temperature 
dependences of the change of their specific enthalpy by heating [5] and from the 
values of their heats of dissolution measured in the same dissolution mixture which 
was used for the measurement of Afisoi of the products resulting of cooling eutectic 
mixture. 

The relationship (1) was also used as a basis for evaluation of the error in 
determination of the specific heat of crystallization of eutectic melt (ô(Ahcryst(eut. 
melt))). This error was calculated from the errors in determination of hTti\ of single 
phases X taking part in the process of crystallization (these are denoted as 
ô(firei(X))) using the Gauss "law of spreading of errors" 

<5(Afccryst(eut.melt)) = J ^ [w(X) • <5(ferel(X))]2 (3) 
* X 

where w(X) is the mass fraction of corresponding phase X in the reaction scheme 
(A). 

Experimental 

Preparation of samples 

The samples used for calorimetric study were prepared either by reaction in solid phase 
(sample having composition of the eutectic melt and the phase y-C2S) or by a precursor 
method (C3A, C,2A7). 

Preparation of the eutectic melt 

Composition of the eutectic melt was determined from the phase diagram of the system 
CaO—А12Оз—Si02 at the equilibrium temperature 1335 °C [1]. For its preparation СаСОз, 
AI2O3, and Si02 (Specpure, JMC) were used. Weighted mixture of these substances was 
homogenized in a platinum crucible with toluene for 8 h. After evaporation of toluene the 
platinum crucible was slowly heated for three days up to the temperature 1050 °C. At this 
temperature the sample was kept for 12 h. After sealing the crucible with the lid of the alloy 
PtRhlO the sample was heated for 4 h at temperature of 1600 °C and then quenched in 
liquid nitrogen. X-Ray diffraction of powdered product showed that the quenched sample of 
the eutectic melt did not crystallize. Spectral analysis of finely ground sample proved that the 
sample was not contaminated by melting, grinding or sifting. 
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Preparation of y-C2S 

y-C2S was prepared by heating the homogenized mixture of CaO obtained from СаСОз 
(Specpure, JMC) and Si02 (Specpure, JMC) for 5 h at the temperature of 1450 °C and slow 
cooling of the sample. X-Ray analysis proved that the sample consists of y-C2S. 

Preparation of C3A and Ci2A7 

C3A and C12A7 were prepared using a precursor method modified according to [6]. 
Principle of the method consists in decomposition of organic glass prepared from calcium 
tartarate and aluminium tartarate. Starting materials were СаСОз (Specpure, JMC) and 
metal aluminium (w(Al) = 0.999). Both products were checked by X-ray analysis. 

Apparatus 

Changes in enthalpy at cooling of the melt having eutectic composition from given 
temperature to 298 К were measured in a drop calorimeter which was described in detail in 
paper [7]. Heats of dissolution of glasses which were formed at cooling of the eutectic melt 
and of the samples of C3A, G2A7, and y-C2S were measured at temperature 298 К in 
a dissolution calorimeter described in paper [8]. A mixture of hydrochloric acid (1 volume 
part of 35—38 mass % HCl and 1 volume part of H 20) with 40 mass % hydrofluoric acid in 
the volume ratio 10:1 was used as the solvent. Composition of the solvent was chosen on the 
basis of preliminary measurements of heats of dissolution of samples in mixtures of 
hydrofluoric and hydrochloric acids or in mixtures of hydrofluoric acid with nitric acid 
prepared in different ratios. The dissolving mixture was saturated with CaF2 (this was 
prepared by dissolution of СаСОз in the mixture) in order to assure that all calcium from the 
dissolved samples will be precipitated as CaF2. 

Results 

Determination of temperature dependence of the specific relative 

enthalpy of the eutectic melt (hTCl ^(eut.melt; T)) 

Determination of the temperature dependence of the quantity ftrei,v(eut.melt; T) 
(ф denotes the mean of the experimental values) is based on two sets of data. First 
the drop calorimeter was used for determination of the values Afccooi corresponding 
to cooling of the melt having eutectic composition from temperature of the range 
1631 K—1840 К to 298 K. The negative values of AfccocCeut.melt) for correspond­
ing temperatures are summarized in Table 1. In the second step, for each sample 
used for determination of Aftcooi the heat of dissolution Ahsoi at the temperature of 
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Tab/e 1 m 

Experimental values of the change in specific enthalpy at cooling of the eutectic melt ( - Afceo^eut.melt)), its relative enthalpy fcrc,(eut.melt) at given 
temperatures and calculated values of ( - A/icoo^eut.melt)) and /ircltq)(eut.melt) 

T 

к 

1631 

1678 

1724 

1782 

1840 

-Aficoo^eut. 

kJ kg"
1 

1579 

1633 

1717 

1804 

1890 

melt) -Ah cool.q,(eUt. 

kJ kg"
1 

1573 

1644 

1714 

1802 

1890 

melt) firei(eut.melt) 

kJ kg"
1 

5086 

5140 

5224 

5311 

5397 

^rei.v(eut.melt) 

kJ kg"
1 

5080 

5151 

5221 

5309 

5397 

и 
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298 K was measured. (Before this measurement the samples were ground and 
sifted; mesh 0.04 mm was used.) The negative values of Arisoi(eut.melt) (eut.melt 
denotes in this case products of cooling) are summarized in Table 2. In this table 

Table 2 

Values of the specific heat of dissolution of products of cooling of the eutectic melt at T = 298 К and 

error in its determination 

— A/isoi(eut.] 

k J kg"1 

3519 

3524 

3487 

3514 

3492 

melt) -Ah soi. «p(eut. melt) 

k J kg"1 

3507 

<5(AhSOi.q>(eut.melt)) 

k J kg"1 

21 

also the values of the arithmetic mean of the specific heat of dissolution ( — 
A/isoi,<p(eut.melt)) and the error in determination'of this value <5(Afcsoi,cp(eut.melt)) 
are presented. At calculation of this error the "Student distribution of error" was 
considered. The value of A/zsoi,<p(eut.melt) was obtained on the basis of heats of 
dissolution of five glasses formed at cooling the melt having eutectic composition 
from five different temperatures to the temperature of 298 K. Comparison of these 
data shows that a possible change of properties of samples of this glass at 
transformation temperature is in the limits of experimental errors. 

From the obtained values of A/2cooi(eut.melt) the temperature dependence of the 
change of enthalpy at cooling of the melt of eutectic composition was calculated 
using the least-squares method. It follows that 

- A ^ ( e u t _ . m e l t ; T ) = _ 9 . 0 5 8 x i y + 1 . 5 1 9 6 g (4) 

with error of 

6(Aftcooi,<p(eut.melt; T))=u 

kJkg"1 

The error was determined by dividing the error of regression dependence (4) with 
the square root of number of measurements and multiplying the result with the 
Student coefficient read from tables for the corresponding degree of freedoms of 
the residual sum of squares and for the reliability coefficient ( 1 - a ) = 0.95. The 
values of ( - Aftcooi.q^eut.melt)) calculated for chosen temperatures from eqn (4) 
are presented in Table 1. 
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Adding negative value of the arithmetic mean of the specific heat of dissolution 
of glass formed from the melt having eutectic composition (Table 2) and the 
experimental values of ( — Afocoo,(eut.melt)) the values of frrel(eut.melt) for given 
temperatures were obtained. The results are summarized in Table 1. Temperature 
dependence of hrei of the melt having eutectic composition can be obtained by 
adding the negative value of the arithmetic mean of the heat of dissolution of 
cooled products of this melt to the right-hand side of eqn (4) 

^ ^ £ Ё 1 1 ) = 2 . 6 0 1 2 х 1 0 3 + 1 . 5 1 9 б | (5) 

Error in determination of hľcU(f(eut.me\t; T) was determined to be 

<5(forei,«p(eut.melt; T)) 
kJ kg"1 = 24 

The latter value was determined from the error <5(Aňcooi,<p(eut.melt)) and 
<5(Afzsoi,<p(eut.melt)) on the basis of the "law of spreading of errors" The values of 
ftrei.q>(eut.melt) calculated according to relationship (5) are for given temperatures 
presented in Table 1. 

Determination of the temperature dependence of the specific relative enthalpy of 
C3A (/zrel, Ф(С 3A; T)) and C1 2A7 (Лге|. Ф(С 1 2А 7; T)) 

Temperature dependences of the enthalpic content of C3A and Ci2A7, respec­
tively, were calculated using the following equation for calculation of molar heat 
capacities 

Cm(T, p a t m) = A + B 10-3T + С• 10 5T" 2 + D • 10~6T (6) 

Cm is the molar heat capacity and A, B, C, and D are the constants taken from 
tables [5]. Introducing the values of the constants A, B, C (D = 0) and integrating 
in the limits T0 = 298 К and T the temperature dependences of ДЛсоо1,ф(СзА; T) 
and AÄcooi,q>(Ci2A7; T) were obtained 

-Айсоы,ф(СзА;Т) = _ 3 4 3 4 x 1Q2 + 9 2 9 1 x 1 0 _ 1 T 
kJ kg К 

+ 5.803 x lO"5 ^ 4-1.8284 x 104 ^ n (7) 

А ^ Т т Ф [ С - 1 А 7 ; Т ) = - 3 - 3 6 5 х 1 ° 2 + 9 Л 1 7 х 1 0 " 1 ^ + 
T 

kJkg" 1 " ~ ' ' • " ' ' К 

g + 1 . 6 6 9 7 x l 0 4 p 4- 9.888 x 10"5 ^ + 1.6697 x 104 ^ n (8) 
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Using a dissolution calorimetry the specific heats of dissolution of C3A and Ci2A7 

(Afcsoi(C3A), Afisoi(Ci2A7)) at the temperature of 298 К were obtained. Negative 
values of the heats of dissolution, their arithmetic mean (denoted as Ahsolq>(C3A) 
and A^Soi,v(Ci2A7), respectively) and the error in the arithmetic mean (denoted as 
<5(ДГ15о1,ф(С3А)), <5(AŕzSoi,<p(Ci2A7))) are presented in Tables 3 and 4. The latter 
values were determined as the errors of the arithmetic mean of the specific heat of 
dissolution with consideration of the "Student distribution of errors" The Student 
coefficient was taken from tables for corresponding number of measurements and 
reliability coefficient (1 - a ) = 0.95. 

Adding the negative value of the arithmetic mean of the specific heat of 
dissolution of C3A to the right-hand side of eqn (7) the temperature dependence of 
hTCl was obtained 

^ г е 1 ^ з А ; Т ) = 3.2713 x 103 + 9.291 x 1 0 " 1 | + 

+ 5.803 x 10"5 J , + 1.8284 x 104 J r | (9) 

Table 3 

Values of the specific heat of dissolution of C3A at T = 298 К and error in its determination 

-A/i s o,(C3A) -А*1,ы,ф(СэА) 6(А*!.о,.ф(СзА)) 
kJ kg"1 kJ kg"1 kJ kg"1 

3617.9 3614.7 8.0 

3618.2 
3607.4 

3615.3 

Table 4 

Values of the specific heat of dissolution of Ci2A7 at T = 298 К and error in its determination 

-AJ?
so
i(Ci

2
A

7
) 

kJ kg"
1 

3174 

3 180 

3183 

-A/ISOL^CJZAT) 

k J kg"
1 

3179 

о(ЛЛ«,,.
ф
(С

12
А

7
)) 

k J kg"
1 

11 
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In a similar way the temperature dependence ftreI of Ci2A7 was obtained (in this 
case the heat of dissolution was added to eqn (8)) 

/1гс1,Ф(С12А7;Т) = 2 8 4 2 5 , х 1 0 з + 9 Л 1 7 x 1 0 - i J + 
kJ kg К 

g + 1.6697 x l O 4 p + 9.888 x 1(Г5 ^ + 1.6697 x 104 ^ (10) 

The errors in the values of the relative enthalpies of C3A and Ci2A7 were 
determined to be 

6(й № | | ф (СзА;Т)) 6(Ь г е 1 , ф (С 1 2 А 7 ;Т)) 
— к Л ^ — = 1 5 a n d — k j i ^ — = 1 8 

respectively. 
These errors were determined on the basis of determination of АйСОо1,Ф and 

A/isoi,<p of corresponding phases using the Gauss "law of spreading of errors" In 
the case of AhcooU4> of both C3A and Ci2A7 a one percent error was assumed 
because no data on precision of temperature dependence of molar heat capacities 
necessary for calculation of Ahcool4> of C3A and C i 2 A 7 were available [5]. 

Determination of the temperature dependence of the specific 
relative enthalpy of ß-C2S (hreUv(ß-C2S; T)) 

At the equilibrium temperature of crystallization of the melt having eutectic 
composition (T e q =1608K) the stable modification of C2S is its ß -modification 
(ß-C2S). Because at cooling of jf?-C2S a phase transition at T = 948 К occurs [5] 
(the ß -modification changes to y-modification) this must be taken into account in 
the calculation of the temperature dependence of the change of enthalpy of C2S. 
Using data [5] the temperature dependence of enthalpy of ß-C2S in the tempera­
ture range T—948 K, the heat of phase transition /3-C2S -» y-C2S at T = 948 К, 
temperature dependence of enthalpy of y-C2S in the range of 948—298 К were 
calculated and then the temperature dependence of Aftcooi,<p(ß-C2S; T) for the 
temperature interval (948 K, 1693 K) was obtained 

- Aft , (/3-C2S; T) = _ 2 7 8 2 x 1 Q 2 + 8 4 7 6 x 1 ( r l T 
kJ kg * К 

+ 1.1838 x l O " 4 j p + 1.5217 x l 0 4 | ^ (11) 

At the temperature 298 К the stable modification of dicalcium silicate is y-C2S. 
Therefore heats of dissolution of this modification of C2S at 298 К were measured. 
The same dissolving mixture as in the case of glasses obtained by quenching of the 
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eutectic melts, C3A and Ci2A7 was used. The experimental values of the specific 
heat of dissolution of y-C2S as well as arithmetic mean of these values and the error 
in its determination are given in Table 5. Adding the value of ( - A^ soi.v(y-C2S)) to 

Table 5 

Values of the specific heat of dissolution of y-C2S at T = 298 К and error in its determination 

-Afc
sol
(y-C

2
S) 

kJ kg"
1 

2445 

2419 

2419 

2423 

2431 

-Afc^Y-C^S) 

k J kg"
1 

2427 

Ô(A;WV(V-C2S)) 

kJ kg"1 

14 

the right-hand side of eqn (11) the temperature dependence frrei(ß-C2S) was 

obtained 

ftre.,y(/3-C2S; T) = 2 1 4 g 8 x 1 0 з + g 4 7 6 x 1 0 _ 1 T 
kJ kg К 

rj-2 rr-l 

"4 ^ + 1 . 5 2 1 7 x l O 4 ^ -

The error of this value 

+ 1.1838 x 10"4 ^ + 1.5217 x 104 = n (12) 

<5(ftrel,»(|3-C2S;T)) 

kJ kg"1 

This error was determined on the basis of o(A/icooi.v(ß-C2S)) and 
6(Aftsol,v(y-C2S)) using the Gauss "law of spreading of errors" In the case of 
AJiCooi(ß-C2S) a one percent error was assumed. 

Calculation of the specific enthalpy and entropy of crystallization 
of the melt having eutectic composition at Teq = 1608 К 

From the temperature dependences hvcX of single phases which take part in the 
process of crystallization of the eutectic melt (the relationships (5), (9), (10), and 
(12)) the values of ftrc, at equilibrium temperature T e q = 1608 К were determined 
(Table 6). After introducing the values of hTCl<p(X; 1608 K) into eqn (1) the 
specific enthalpy of crystallization of the eutectic melt at T e q = 1 6 0 8 K can be 
calculated 

Aftcryst, y(eut.melt; 1608 K) _ 6 Q ? ± 2 g ^ 
k J kg - 1 
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Table 6 

Values of the relative enthalpy hTCl Ф(Х; 1608 К) of the eutectic melt, C3A, C1 2A7, and /3-C2S 

*1Ге,,Ф(Х; 1608 К) 
Phase j j u p i 

Eut.melt 5045 ± 24 

C3A 4927 ± 1 5 

C1 2A7 4575 ± 1 8 

/3-C2S 3827 ± 2 0 

The experimental values of hrcl of the eutectic melt, temperature dependence hrcl of 
the eutectic melt (curve 1), C3A (curve 2), 0-C2S (curve 3), and C1 2A7 (curve 4) 
(all multiplied by the coefficients of the reaction scheme (A)) are plotted in Fig. 1. 
The value of ( - AhCTystt„(eut.melt; 1608 K)) is given as the difference of ftrcl of the 

eutectic melt at 1608 К (point 6) and 2 > ( X ) - йгс.,Ф(Х; 1608 K) (X = C3A, 0-C2S, 
X 

and C12A7) (point 5). 

The specific entropy of crystallization of the eutectic melt was obtained by 
dividing eqn (13) by the temperature T e q =1608 K. 

A s « ^ ( e u t . m e l t ; 1608 K) = ^ ^ . . ( e u t m e l t ; 1608 K) = 

1608 К 
= ( - 3 7 7 ± 1 7 ) J k g - 1 K " 1 (14) 

Determination of the "total heat of crystallization" of the 

melt of eutectic composition 

"Total heat of crystallization" which is liberated at crystallization of C3A, Ci2A7, 
and C2S from the melt of eutectic composition at T e q = 1608 К and at cooling of 
these substances to 298 К related to mass unit will be denoted by the symbol 
Aftzcryst^ieut.melt; 1608 K). This heat can be calculated according to the relation 

A/iZCTyst,y(eut.melt; 1608 K ) „ n i o n /1ге1,ф(С3А; 298 К) , 

kľkP1 -°-0189 kJkiř 
+ 0.7893 W C . A ; 298 K) + Q m g W r ; C » S ; 298 K ) _ 

kJ kg kJ kg J 

ftrei><P(eut.melt; 1608 K) 
kJ kg"1 ( ; 
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Fig. L Temperature dependences (w(X) • Лге |.ф(Х)). 
L Eut.melt; 2. C 3 A; 3. ß-C2S; 4. C,2A7. The value of ( -Afcc^.^eut .mel t ; 1608 K)) is given as the 
difference of the specific relative enthalpy of the eutectic melt at 1608 К (point 6) and the sum of 
specific relative enthalpies of products of crystallization of the eutectic melt at 1608 K, multiplied by 

corresponding mass fractions of the phases (point 5). 

The values of hrel of C3A, C12A7, and y-C2S at the temperature of 298 К 
correspond to the negative mean values of their specific heats of dissolution at this 
temperature. They are presented in Tables 3—5 ( - Ahsoltp(X)). Inserting these 
values and the value of fcreitq,(eut.melt; 1608 K) from Table 6 into the relationship 
(15) we obtain the value of the specific total heat of crystallization of the melt of 
eutectic composition 
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A W . ( e u t . m e l t ; 1608 K ) = _ _ 2 ( Ю 2 ± 2 6 ( Щ 

kJkg 

From comparison of the values of Aftcry^^eut.melt; 1608 K) and AftZcryst,<p(eut. 
melt; 1608 K) (the relationships (13) and (16)) it follows that at cooling of crystal 
phases C3A, Ci2A7, and C2S from the temperature of 1608 К to temperature 298 К 
the amount of liberated heat is approximately twice as high as the heat of 
crystallization of these phases from the eutectic melt at T e q = 1608 K. 
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