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Using a precursor method the ternary eutectic melt of the system
2Ca0 - Al,O; - SiO,—CaO - Al,O; - 2Si0,—CaO - SiO, (composition 38.0
mass % CaO, 20.1 mass % Al,O;, 41.9 mass % SiO,) and wollastonite
(CaO - Si0,) were prepared. Besides wollastonite, gehlenite (2CaO - Al,O; -
- Si0,) and anorthite (CaO - Al,O; - 2Si0,) crystallize from the eutectic melt
at equilibrium temperature of 1538 K.

Using a drop calorimeter the values of change in enthalpy at cooling of
the eutectic melt were determined. The values of heat of dissolution of
wollastonite and products of cooled eutectic melt were measured in a
solution calorimeter. On the basis of these data and tabulated data on the
temperature dependence of heat capacity of wollastonite dependences of the
specific relative enthalpy of the eutectic melt and wollastonite on tem-
perature were obtained. The temperature dependences of the specific relative
enthalpy of gehlenite and anorthite were taken from paper [5].

On the basis of material balance of crystallization of the ternary eutectic
melt and the values of the specific relative enthalpy of the above-mentioned
phases at the temperature of 1538 K the specific enthalpy of crystallization
of the eutectic melt was determined

Ahyq(eut. melt; 1538 K) = (—308 + 20) kikg™'

The error of this quantity was determined at the significance level of 95 %.

C nmomoluplo MeToAa mpekypcopa ObUT MOJIy4eH TPOMHOM 3BTEKTHYEC-
ku#t pacmaB cuctems 2CaO - Al,O; - Si0—CaO - Al,O; - 2Si0,—CaO -
- 810, (cocTtaB: 38 Macc. % CaO; 20,1 macc. % AlO;; 41,9 Mmacc. % SiO,) u
BosnacToHUT (CaO - Si0,), koTophlit Hapsay ¢ regenuroM (2Ca0 - Al,O, -
-Si0,) u anoptuToM (CaO - Al,O; - 2Si0,) sBAsETCS NPOAYKTOM €ro KpHc-
TaJUIM3allMK NIPH paBHOBeCHOM Temnepatype 1538 K.

H3MepeHsl BeIHYHHBI M3MEHEHHS JHTANBIHM IPH OXJIaXIACHHH IBTEK-
THYECKOTO paciulaBa (B KaleJbHOM KaJOpPHMETpe), 3HAYEHHS TeIIOTh
pPacTBOPEHHS BOJIIACTOHMTA M NMPOAYKTOB OXJIAXKIEHHS 3BTEKTHYECKOIO
pacmiaBa (B KaJIOpUMETpe IS ONpeleNieHHs TEeIUIOT pacTBopeHus). Ha
OCHOBAHHH 3THX BEJHYMH M TAOJHYHBIX JAaHHBLIX IO TeMIlepaTypHOH 3a-
BUCHMOCTH TEIJIOBOH €MKOCTH BOJUIACTOHHTAa OBLIM OmNpedeseHbl TeM-
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nepaTypHble 3aBHCHMOCTH YAEJIbHOH OTHOCHTEJIbHOW SHTAJIBIIHM 3BTEK-
THYECKOTO pacIUlaBa M BOJUIACTOHMTA. TemmepaTypHble 3&aBHCHMOCTH
yIOEebHOM OTHOCHTEIbHOM SHTAJILIINM TEJIEHHTAa W aHOPTHTA OBUIK B3SATHI
u3 pabotsi [5].

Ha ocHoBaHHM MaTepHaJbHOTO OajlaHca KpHCTaJUIM3allM¥ TPOMHOro
9BTEKTMYECKOTO PACILIaBa M BEJIHYHH yIEJIbHOW OTHOCHTENIBLHOH 3HTalb-
UM 3BTEKTHYECKOI'O pacIllaBa, BOJUIACTOHHTA, TeJICHUTA U aHOPTHUTA IIPH
temnepatype 1538 K Obuio ompeneneHO 3HayeHHEe yOEJIbHOM 3HTAJIBIIUHU
KPHCTaJUIH3alUH 3BTEKTHYECKOrO paciUiaBa

Ahyq(eut. melt; 1538 K) = (—308 + 20) k[x kr '

Omubka B ONpedeseHNH 3TOM BeJMYUHBI OblIa YCTaHOBJIEHA Ha YDOBHE
3HaYUMOCTH 95 %.

In the ternary system 2CaO - Al,O,-SiO, (C,AS)—CaO - Al,O,-2Si0,
(CAS,)—CaO - SiO, (CS) (C, A, and S are the symbols for CaO, Al,0,, and
SiO,, respectively) three binary and one ternary eutectic points exist [1]. The aim
of this work is to determine the enthalpy and entropy of crystallization of the
eutectic mixture composed of gehlenite (C,AS), anorthite (CAS,), and wollas-
tonite (CS) at the equilibrium temperature of 1265 °C [1] and the total heat of
crystallization of the ternary eutectic melt. The latter quantity consists of the
heat of crystallization of the eutectic melt at the equilibrium temperature and the
heat liberated at cooling the solid eutectic mixture from the temperature of
1265 °C to 25 °C. Composition of the eutectic mixture was determined to be 38.0
mass % CaO, 20.1 mass % AlLO;, 41.9 mass % SiO,. Determination of the
values of these quantities is a contribution to the enthalpic analysis of the system
Ca0—AIlL,0,—Si0, which is important in production of cement, glass, and
slags.

For determination of the enthalpy of crystallization of the ternary eutectic
melt in the system C,AS—CAS,—CS at the equilibrium temperature
1., = 1538 K (1265 °C) an undirect calorimetric method was used. This method
consists in determination of the values of relative enthalpy of all phases taking
part in the process of crystallization at 1538 K related to the same reference
state. The material balance of the process, i.e. masses of C,AS, CAS,, and CS
which crystallize from 1 kg of the eutectic melt (eut. melt), was determined from
the analysis of CaO, Al,O,, and SiO, in C,AS, CAS,, CS and in the eutectic
melt. The following reaction scheme was obtained

1 kg eut. melt — 0.2432 kg C,AS +
+ 0.3017 kg CAS, + 0.4551 kg CS 4)
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Thus the specific enthalpy of crystallization of the eutectic melt at 7,, = 1538 K
(Ahy(eut. melt; 1538 K)) can be determined from the Hess law

Ah,, . (eut. melt; 1538 K) — 0.2432 h(C,AS; 1538 K)
kJkg™' kJkg™!

hrel(CAS2’ 1_5138 K) + 04551 hrel(CS’ 15_3|8 K) _

Jkg kJ kg
1 h.(eut. melt; 1538 K)
kJkg™'

+ 0.3017

()

The values of the specific relative enthalpy (4,,,) of eut. melt, C,AS, CAS,, and
CS at 1538 K were calculated from the temperature dependences of 4, of these
phases. For the method used in this work the specific relative enthalpy of
corresponding phase at given temperature equals the negative sum of the specific
changes in enthalpy at cooling the phase from chosen temperature to the
temperature of 298 K (A#h,,,) and the heat of dissolution of this phase at 298 K
in suitable solving mixture (Ah) [2, 3].

hrel = (Ahcool + Ahsol) (2)

Temperature dependence of the specific relative enthalpy of the eutectic melt
was obtained from the values of 4, (eut. melt) determined from measured values
of Ah,,,(eut. melt) and measured values. of the specific heat of dissolution of
products of cooled eutectic melt (Ak(eut. melt)). For determination of the
temperature dependence of the specific relative enthalpy of CS the temperature
dependence of Ah,,,(CS) (determined on the basis of [4]) and measured values
of Ah,(CS) were used. Temperature dependences of 4, for C,AS and CAS,
were taken from paper [5]. This was possible because the heats of dissolution of
CS and products of cooled eutectic melt were measured in the same solvent
mixture as the heats of dissolution of C,AS and CAS,. Eqn (/) is used also for
estimation of the error in determination of the specific enthalpy of crystalliza-
tion of the eutectic melt 6(Ah,,(eut. melt; 1538 K)). This error was calculated
from the errors in determination of the specific relative enthalpies of corre-
sponding phases (6(4,,(X; 1538 K))) taking part in the crystallization process at
equilibrium temperature using the “Gauss law of spreading of errors”

6(Ah . (eut. melt)) = \/ Y w(X) 8(h X)) )

where w(X) is the mass fraction of corresponding phase (X) in eqn (/).
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Experimental

Preparation of samples

The ternary eutectic melt of the system C,AS—CAS,—CS and wollastonite were
prepared by a precursor method similar to that described in [6]. The following reagents
were used: CaCO; (Specpure, JMC), metal Al (w(Al) = 99.999 %) (The Research In-
stitute of Metals, Panenské Bfezany) and sol of silica acid which was prepared from
commercially available water glass using the ion exchanger DOWEX 50 W x 8 [7]. By
heating the dry rests of aqueous solutions prepared from organic substance and weighed-
-in amounts of salts (the composition corresponded to the desired composition of the
eutectic mixture or wollastonite) at 500—600 °C precursors, i.e. the homogeneous mix-
tures of oxides CaO, Al,O;, and SiO, were obtained. In the case of the eutectic mixture,
precursor was first heated at ca. 1000 °C for 4 h, then sealed into a crucible made of
Pt Rh10 alloy and heated again at 1500 °C for 4 h. Finally the sample was quenched in li-
quid nitrogen. Wollastonite was prepared by heating the precursor of composition corre-
sponding to CS at 1000 °C and then at the temperature of 1300 °C for 4 h. Purity of the
product was checked by X-ray diffraction analysis.

Apparatus

Changes in enthalpy at cooling of the eutectic melt from chosen temperatures to
298 K were measured in the drop calorimeter which has been described in [8]. Heats of
dissolution of wollastonite and products of cooled eutectic melt were measured at 298 K
in the solution calorimeter [9]. Heats of dissolution of all samples were measured in
dissolving mixture prepared by mixing aqueous solutions of hydrofluoric acid
(w(HF) = 40 %) and hydrochloric acid (1 volume part of HCl (w(HCI) = 35—38 %)
and 1 volume part of H,O) in the volume ratio 2: 1. The solvent mixture was saturated
with CaF, by adding 150 mg of CaCO; to 1 dm’ of this mixture. In result of that Ca**
ions were quantitatively precipitated from the dissolved sample.

Results

Determination of the temperature dependence of the specific relative enthalpy

of the eutectic melt (h ,(eut. melt; T))

Using the drop calorimeter the values of specific change in enthalpy at
cooling of five samples of eutectic melt from the temperatures chosen in the
interval 1583 K—1807 K to 298 K were measured. Obtained values of
Ah ., (eut. melt) are presented in Table 1.

The products of cooling of each sample of the eutectic melt were investigated
by X-ray diffraction analysis. Despite of finding no crystallic phases in the
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Table |

Experimental values (—Ah,,,). (—Ah,,,). and h,, of the eutectic melt and the calculated values of g q(eut. melt) at different temperatures
chosen from the range ¢ 1583 K; 1807 K

T — Ah,,(eut. melt) —Ah,, (eut. melt) h,(eut. melt) N o(cut. melt)

k) ZA8gtcut. mett) 2 MiplCUL. MERL) Mgl CUL. METL)
K kJkg ! kJkg™! kJ kg™ kJkg™!

1583 1514 2982 4496 4499

1615 1563 2983 4546 4548

1680 1653 3011 4664 4648

1742 1747 2983 4730 4743

1807 ‘ 1846 3000 4846 4843

LT3N DI1103LN3 AYVNYIL
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samples heats of dissolution of all these samples were measured. This eliminates
possible differences in structure of glasses obtained at cooling of the eutectic
melt. For each sample of cooled eutectic melt four values of heat of dissolution
were determined. The arithmetic mean of these values was calculated:
(Ahg, ,(eut. melt)) (Symbol ¢ denotes the mean of the experimental values.). The
obtained data are summarized in Table 1.

By adding the values of (—Ah,(eut. melt)) and (—Ah, (eut. melt)) for
relevant temperatures the experimental data of the specific relative enthalpy of
the eutectic melt 4, (eut. melt) were obtained. Also these data are presented in
Table 1. Using the method of least squares the temperature dependence of the
specific relative enthalpy of the eutectic melt was obtained in the form of a linear
regression function

hragleut. melt; T) _ 5 686 « 10° + 1.5354 L 4)
KJ kg~ K

The error in determination of the specific relative enthalpy of the eutectic melt
was determined to be &(h, (eut. melt; 7)) =17kJkg™'. It was calculated
according to the relation

8(h,y (eut. melt; T)) = R S,

Vn Nn—p
where 7 is the number of experimental values of 4, S, is the residual sum of
squares, p is the number of independent coefficients of the regression, and ¢ is
the Student coefficient taken from tables [10] for corresponding number of
degree of freedom and coefficient of reliability (1 — @) = 0.95. (All errors of
measurement presented in this paper were determined on the level of significance
95 %.) The values of A, ,(eut. melt) calculated for relevant temperatures ac-
cording to eqn (4) are compared with experimental values of these quantities
h.4(eut. melt) in Table 1.

t ©))

Determination of the temperature dependence of the specific
relative enthalpy of CS (h, ,(CS; T))

The temperature dependence of the specific change in enthalpy at cooling of
wollastonite was calculated by the integration of the temperature dependence of
the specific heat capacity of wollastonite. The constants of this dependence were
taken from tables [4]. In the limits T and T; = 298 K it holds

“Aeoao(CS; T) _ 3593 % 1024+ 9317 x 10-' L +
kI kg~ i
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2 -1
+ 7.100 x 10~* L+ 2.036 x 10* r_ )
K? K-™!

Heat of dissolution of wollastonite (Ah,,(CS)) was determined experimen-
tally. From seven experimental values of this quantity the arithmetic mean of
the specific heat of dissolution of wollastonite (Ah,, ,(CS)) and the error of the
arithmetic mean (&(Ah,, ,(CS))) were calculated. Similarly as in the previous
case the Student coefficient was used at the calculation of the error. Results of
the experimental measurements and of calculations are summarized in Table 2.

Table 2

Experimental values of the specific heat of dissolution of wollastonite and the error in determination
of this quantity

_ Ahsol (CS) — Ahsul.g(cs) 6(Ahso!.2(cs))

kJkg™! kJkg™! kJkg™'

2597 2609 12
2594
2623
2609
2626
2616
2596

By adding the negatively taken value of the arithmetic mean of the specific
heat of dissolution of wollastonite to the right-hand side of eqn (6) the tem-
perature dependence of the specific relative enthalpy of wollastonite was ob-
tained

2

o€ ) _ 5 9567 x 107 + 9317 x 10~ L 4 7.100 x 10~ 2+
kI kg™ K K

—1
+ 2.036 x 10* I 7)
K—I

The error in determination of the specific relative enthalpy of wollastonite was
determined according to the “Gauss law of spreading of errors” from the errors
in Ahg, ,(CS) and Ak, ,(CS). It equals 8(h,,(CS; T)) = 18 kJkg™'. (At the
calculation of &(Ah,, ,(CS)) it was assumed that the value of Ak, (CS) at
1538 K was obtained with 1 % relative error and that 6(Ah,, (CS)) does not
depend on temperature.)
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The temperature dependences of the specific relative enthalpy of the further
two phases which crystallize from the eutectic melt, i.e. gehlenite and anorthite,
were taken from paper [5]. It holds

P CAS T) _ 5 7001 x 10° + 1.0053 £+ 5.092 x 107 % "

-

kJkg™!
1]
+ 2.854 x 10“% (&)
I CAS 1) _ 5 4373 x 107 + 1.0683 L 4 7.803 x 105 L
kJkg™' K K~
—1
+ 4.868 x 10* % )

The errors in determination of these quantities are as follows [5]

5(11rel.q)(C2AS; T)) - 23 5(,7rel.¢(CASZ; D) s
kJkg™' ' kJkg™!

17

Calculation of the specific enthalpy of crystallization of the ternary eutectic melt
in the system C,AS—CAS,—CS

Using the relationships (8), (9), (7), and (4) the values of the specific relative
enthalpy of gehlenite, anorthite, wollastonite, and of the eutectic melt at the
equilibrium temperature of 1538 K were determined. These data and the errors
in their determination are presented in Table 3.

Tuble 3

Values of the specific relative enthalpy /1, (X; 1538 K)
X = G,AS, CAS,. CS, and eut. melt, respectively

B o X 1538 K)

Phase
kJkg '
C.,AS 4385 + 23
CAS, 4287 + 17
CS 3871 + 18
Eut. melt 4430 + 17
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Introducing the values /, ,(X; 1538 K) into eqn (/) the value of the specific
enthalpy of crystallization of the eutectic melt was calculated

Ah ,(eut. melt; 1538 K) = (_308 +20) kI kg™ (10)

In Fig. 1, the experimental values of the specific relative enthalpy of the
eutectic melt, the temperature dependence of this specific relative enthalpy
(curve 1), and the temperature dependences of the specific relative enthalpies of
C,AS, CAS,, and CS multiplied by corresponding mass fractions from eqn (/)
(curves 2, 3, and 4, respectively) are plotted. The value of the specific relative
enthalpy of crystallization of the ternary eutectic melt is given by the difference
of " w(X)h,(X; 1538 K) (X = C,AS, CAS,, CS) (point 5) and the value of

X

hee o(eut. melt; 1538 K) (point 6).

6000 T I | lf I | 1
I
|
5000 [ | 1 T
i _0_0/0/0/0-
Bt
4000 | 5 ! ~
o ]
= |- |
l'e |
< | * 3000 |- | —~
x| = :
x I
l _
2000 4 I
_—
3 1
____-—Il
1000 |- — 2 { -
|
I
0 | | : | | |
1300 1500 1700 T/K

Fig. 1. Temperature dependences of the terms w(X) - A, (X).
1. Eut. melt (w(X) = 1); 2. C,AS (w(X) = 0.2432); 3. CAS, (w(X) = 0.3017); 4. CS (w(X) = 0.4551).
The value of Ak (eut. melt; 1538 K) is given as the difference of the specific relative enthalpies
corresponding to the points 5 and 6.

cryst

Dividing the specific enthalpy of crystallization of the eutectic melt by the
equilibrium temperature of its crystallization one obtains the value of the
specific entropy of crystallization of the eutectic melt

ASoryso(eut. melt; 1538 K) = (—200 + 13) Jkg™' K~ (11)
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Determination of heat of total crystallization of the ternary eutectic meit
in the system C,AS—CAS,;—CS (Ahy ., (eut. melt))

Heat evolved at the crystallization of the eutectic melt at equilibrium tem-
perature T;; = 1538 K and at cooling of the products of crystallization to the
temperature of 25°C was calculated according to the ‘“‘nonisothermal Hess
law”. It holds

Ahy . o(€ut. melt; 1538 K — 298 K) — 02432 he ,(C.AS; 298 K) +
kJkg™' kJkg™'
h ,(CAS,; 298 K) 4 0.4551 heo(CS; 298 K)
kJkg™! kJ kg™
1 he o(€ut. melt; 1538 K)
kJkg™!

Values of the specific relative enthalpy of crystal phases at 298 K equal to the
negatively taken values of arithmetic mean of their specific heat of dissolution.
For gehlenite it holds [7]

+ 0.3017

(12)

Ahg, ,(C,AS) = (—3100 + 18) kJ kg™ 13)
For anorthite it holds [5]
Ahg, (CAS,) = (—2916 + 8) klkg™' (14)

Introducing the negatively taken values of the arithmetic mean of specific
heat of dissolution of gehlenite, anorthite, and wollastonite (the relationships
(13) and (14), see also Table 2) and the value of the specific relative enthalpy of
the eutectic melt at the temperature of 1538 K (Table 3) into eqn (/2) we obtain
the value of heat of total crystallization of the eutectic melt

Ahg gy ofeut. melt; 1538 K — 298 K) = (— 1609 + 19) kI kg™ (I5)

From comparison of the values following from eqns (/0) and (I5) it can be seen
that the value of the specific enthalpy of crystallization of the ternary eutectic
melt at T, = 1538 K makes less than 20 % from the value of specific enthalpy
of total crystallization. Thus more than 80 % of the value of Ahz . ,(eut. melt;
1538 K — 298 K) corresponds to the heat liberated at cooling of gehlenite,
anorthite, and wollastonite from the temperature of 1538 K to 298 K.
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