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The rule of constancy of the product of the transition point coordinate and the
Stortenbeker correction factor was theoretically derived for binary systems without solid
solutions, but with a component showing a polymorphous transformation. This rule holds
with a satisfactory accuracy in the interval 0.9<ux, <l (x;, being the composition
coordinate of the transition point). For experimental verification, the liquidus curve of
BaCl, was measured using the TA method in the systems BaCl,—NaCl, BaCl.—NaF,
and BaCl,—Na,SO, in the vicinity of the transition point. The rule of constancy was
obeyed very satisfactorily with all three systems investigated. The course of the liquidus
curve of BaCl, was analyzed thermodynamically applying CTC I and CTC III (criterion
of thermodynamic consistency / and III). The calculated and the measured values
showed a very good agreement.

Bbil cpenaH TeapeTHYecKMit BbLIBOA MpaBMia O MOCTOSIHCTBE MPOM3BEAEHHS
KOOPAMHATbl TOYKH MpeBpalleHus W KoppekTHpyouwero ¢akropa CropreHGekepa B
ABOMHBIX cHcTeMax 6Ge3 TBEpAOrc pacTBOpa KOMIMOHEHTBbI, KOTOpas MpeTeprneBaeT
nonumopcgHoe npespaulenre. [Ipasuno ygpoBneTBopuTensHo cobniogaercs ans 0,9 <
<, <1 (x, — KOHUEHTPalUHOHHas KOOPAMHATa TOYKY mnpeBpaiueHus). C wuenblo
3KCMEPUMEHTAILHOW NMPOBEPKH 3TOro npasuna 6Gbina MerogoM TA H3MepeHa JIMHMA
nuksuayca BaCl, B cucremax BaCl,—NaCl, BaCl,—NaF, BaCl,—Na,SO, B o6nactn
TOYKHM mnpeBpaileHns. Bbulo [oka3aHO, YTO MpaBWIO O MOCTOAHCTBE MPOU3BENEHHS
KOHLUECHTPaLMOHHON KOOpPAMHaThl M KoppekTHpytowero c¢dakropa CropreHGekepa
cobiofiaeTcs B 3THX Clly4YasiX BECbMa Y[OBJIETBOPHTENbHO. POpMa JIMHHM JIMKBHAYCA
BaCl, 6b1a nogBepxeHa TepMOAHHaAMHUYeCKOMY aHasiudy ¢ npumeHenueM KTK I u
KTK III. Bbino HaigeHO OYeHb XOpollee COrjlacHe PACCYUTAHHBIX M H3MEPEHHBIX
3HaYEHHH.

Until present no attention has been paid in the literature to the regularities for
the composition coordinate of the transition point on the liquidus curves of a
component with polymorphous transformation in binary systems. This problem,
which is significant from the technical point of view as well as with respect to the
systematic theoretical research of the solidus—liquidus equilibrium, is dealt with in
the present paper.
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Theoretical

Let us consider the binary condensed system A—B without solid solutions,
where the component B exists in two polymorphous enantiotropic modifications :
the high-temperature a-modification and the low-temperature S-modification. Let
us assume that one molecule of substance A introduces into the system consisting
of pure substance B the total number of elementary particles equal to k%,5. Should
the transition point Q appear on the liquidus curve of the component B, then the
temperature of transformation, T, is to be between the melting temperature of the
high-temperature modification of the component B, T’y ., and the eutectic temper-
ature of the system A—B, T (Fig. 1). The temperature of transformation for
systems of the given type is constant as it follows from the Gibbs phase law
(v=k—f+1, v=2-3+1=0).

Let us consider a similar system B—C with the same component B, where one
molecule of substance C introduced into pure component B another number of
particles than the substance A ; thus k%, # k&5 [1]. A schematic representation of
the systems under consideration is shown in Fig. 2.

Now let us consider the equilibrium B'=B®* in the system A—B at the
temperature of transformation 7" The equilibrium is conditioned by the equality
of Gibbs mole energies of component B at T, P=const

5 IB(A—B) = GOB' % (1)

The condition of the equilibrium B'=B** in the system B—C, at the same
temperature 7" is expressed by the relation

-IB(B——C) = G%s (2)
o
e
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Fig. 1. Phase diagram of the system A—B with no solubility of components in the solid state, in which
component B shows a polymorphous transformation at theitemperature T'I

Chem. zvesti 30 (4) 446—457 (1976) 447



1. KOSTENSKA

Xg

Fig. 2. Phase diagrams of the binary systems A—B and B—C in which component B shows
polymorphous transformation at the temperature 7

From eqns (/) and (2) we obtain Guna_s=Ghnn and since Gi=
=G%'+ RT In ay, after modification the relation holds

alam_m= alnm_(‘)' (3

For further considerations we use the actual form of the dependence a;, =f(x;).
We take the so-called universal relationship [2]

a,=xkl, (4)

where in our case / =B and j = A or C. Then eqn (3) is represented in the form

xksA'/n = x"?‘lxs (5)
B(A—B) B(B—C)
or
St st
AN Xga_gy=Kk&p 1IN Xae_c). (6)

The validity of relation (6) is limited by the validity of the universal relationship
for the activity of the i-th component [2]. Considering an ideal ‘‘universal
solution”, the relation (6) would hold in the whole composition range of x;. In
general, the universal relationship complies especially for 0.9<x; <1 then eqn (6)
can be further simplified. We use the possibility of expanding the logarithmic
function into a series and we limit ourselves to the first member.

Since x; +x; =1, it holds

Inx,=In(1-x)=—x,. (7)

The inaccuracy arising from the use of the approximate eqn (7) can be seen in
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Table 1. For x=0.9 the use of the approximate eqn (7) causes a deviation of
0.005. By introducing this simplification into relation (6) we obtain the simple
expression

st _ st
Xaa—n) Kaw=Xcw—c)" K. (8)

Table 1

Deviations resulting from the relation In x,=—x; (7)

—In x; X; Error
0.99 0.0100393 0.01 0.0000393
0.98 0.0201937 0.02 0.0001937
0.97 0.0304633 0.03 0.0004633
0.96 0.0408249 0.04 0.0008249
0.95 0.0513017 0.05 0.0013017
0.94 0.0618706 0.06 0.0018706
0.93 0.0725776 0.07 0.0025776
0.92 0.0833768 0.08 0.0033768
0.91 0.0943141 0.09 0.0043141
0.90 0.1053665 0.10 0.0053665
Experimental

For experimental verification ‘of relations (6) and (&) we used as component B barium chloride,
BaCl,, that exhibits two polymorphous modifications, and the temperature of its polymorphous
transformation is near to its melting point (75, =955°C, T"=920°C). The change of the enthalpy
accompanying this transformation is relatively high (AH"=17.165 X% 10* J mol™' [3]) and thus the
breaks on the cooling curves can be reliably evaluated.

As the second component we used in the first case sodium chloride, NaCl, one molecule of which
introduces one new particle into the melt of BaCl, and therefore £* = 1. In the next system the second
component was NaF providing two new particles and in the third one it was Na,SO, with three new
particles introduced by one molecule.

The systems were studied in such a composition range as to determine unambiguously the liquidus line
in the vicinity of the transition point.

BaCl,—NaCl

The phase diagram presented by Vortisch [4] provided the following parameters of the transition
point: 97 mole % BaCl,, 3 mole % NaCl, and T"=925°C. (These data are taken from Levin’s
monograph [5].)

We measured the liquidus line of BaCl, using the TA method (as described in [6]) in the composition
range from O to 14 mole % NaCl. The experimentally found transition point has the parameters:
95.6 mole % BaCl,, 4.4 mole % NaCl, T = 920°C. The experimental data may be found in Table 2.
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Table 2

System BaCl,—NaCl
Experimental data of TPC and T"

NaCl BaCl, TPC T
mole % mole % °C °C
— 100.0 955.0 920.0
0.5 99.5 951.0 919.5
1.0 99.0 947.0 920.0
1.5 98.5 943.0 920.0
2.0 98.0 939.0 920.5
2.5 97.5 935.0 920.0
3.0 97.0 930.5 920.0
35 96.5 926.5 919.5
4.0 96.0 923.0 920.0
4.5 95.5 919.0 —
5.0 95.0 917.5 —
6.0 94.0 914.0 —
7.0 93.0 910.0 —
8.0 92.0 905.0 —
9.0 91.0 900.0 —
10.0 90.0 896.0 —
12.0 88.0 887.5 —
14.0 86.0 880.0 —
BaCl,—NaF

The phase diagram of the system BaCl,—NaF was investigated by Kuvakin [7] as a subsystem of the
quasiternary system BaCl,—NaF—AIF, ; the author did not mention any polymorphous transformation
of BaCl,.

We measured the liquidus curve of BaCl, in the composition range from 0 to 10 mole % NaF. The
transition point showed the parameters: 97.7 mole % BaCl,, 2.3 mole % NaF, T"=920°C. The
experimental data are gathered in Table 3.

BaCl,—Na,SO,

This system was investigated by Khakhlova and Dombrovskaya [8]; here again no polymorphous
transformation of BaCl, was mentioned. We studied experimentally the part of the liquidus curve of
BaCl, in the interval 0—4 mole % Na,SO,, BaCl, being the rest. The results are presented in Table 4.
The transition point was found at 98.5 mole % BaCl, and 1.5 mole % Na,SO,, the transformation
temperature was the same as in the foregoing cases.

Calculation

In order to verify the rule of constancy of the product of the transition point coordinate and the
Stortenbeker correction factor, it is necessary to be sure that the experimentally found data are correct.
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Table 3

System BaCl,—NaF

Experimental data of TPC and T

BaCl, NaF TPC T
mole % mole % °C °C
100.00 0.00 955.0 920.0

99.75 0.25 950.5 920.0

99.50 0.50 949.0 921.0

99.25 0.75 945.0 920.0

99.00 1.00 940.0 920.0

98.75 1.25 935.0 920.0

98.50 1.50 930.0 922.0

98.25 1.75 928.0 920.0

98.00 2.00 925.5 920.0

97.75 2.25 920.5 —

97.50 2.50 920.0 —

97.00 3.00 916.5 —

96.50 3.50 912.5 -

96.00 4.00 909.0 —

95.00 5.00 900.5 —

94.00 6.00 893.0 —

92.00 8.00 878.5 —

90.00 10.00 862.5 —

Table 4
System BaCl,—Na,SO,
Experimantal data of TPC and T*

BaCl, Na,SO, TPC T

mole % mole % °C °C
— 100.00 884.8
100.00 — 955.0 920.0

99.75 0.25 949.5 920.5
99.50 0.50 942.0 920.5
99.25 0.75 938.5 921.3,920.8
99.00 1.00 932.0 921.0, 920.0
98.75 1.25 925.7 921.5
98.50 1.50 920.7 919.8
98.40 1.60 918.5 —
98.25 1.75 916.5 —
98.00 2.00 914.2 —
97.50 2.50 907.8 —
97.00 3.00 904.0 —
96.50 3.50 897.5 —
96.00 4.00 891.3 —

Chem. zvesti 30 (4) 446—457 (1976)

451



1. KOSTENSKA

For the verification of experimental data we may use the criteria of the thermodynamic consistency [Y]
(CTCIand CTC III) which are generally valid for the course of the liquidus curves regardless of the
actual form of the dependence a, =f(x;).

According to CTC [ the value of the slope of the tangent to the liquidus line for x— | is given by the
relation

o RATYY
cale AH";

For BaCl, in the system BaCl,—NaCl, where £3,, =1, it holds

v 8314 1228°
1633 x 107

'kf\'/u- (9)

=768.3 K.

The experimentally found liquidus curve of the high-temperature modification of BaCl, is practically a
straight line ; the experimental value for the slope of the tangent taken from Fig. 3 is

o _(955+273)—(920+273)
kg 0.044

=7954 K.

In the BaCl,—NaF system &g, =2, therefore
k()

cale

=768.3x2=1536.6 K.

The liquidus curve of BaCl, in this system is practically a straight line too. and the experimental value of
the slope of the tangent is given by the equation

o _(955+273)=(920+273)
o= e =1521.7K.

In the system BaCl,—Na,SO,. where k¢, = 3. the values for the slopes of the tangents are as follows
ki.=768.3x3=23049 K,

o _(955+273)—(920+273) _
= SOis =2333.3 K.

Thus we may state that there is a good agreement between the calculated and the measured values of the
slopes of the tangents.

The course of the liquidus lines of the high- and the low-temperature modifications of a component
near the transition point is governed by thermodynamic regularities formulated in CTC III, which in its
simplified form is expressed by [9]

AH, . kS=AHy 4 k3. (10)

Since the liquidus line of the high-temperature modification of BaCl, is practically a straight line, for all
the mentioned systems the relation is valid

. LY
ke=ko.

The slopes of the tangents to the liquidus line of the low-temperature modification of BaCl, can be read
from the experimental dizgram. The determined values as well as the evaluation of relation (10) for all
the investigated systems are shown in Table 5. There is a good agreement between the calculated and
the established values of the slopes of the tangents, which confirms the objectivity of the measured data.

In order to verify the course of the liquidus line of the low-temperature modification of BaCl,, it is
necessary to know its hypothetical melting temperature. The calculation is based on the equality of the
activities of both modifications in the transition point at the transformation temperature [10]. To
express the activity, we used the LeChatelier—Schroder equation [2]. We assume that AH'" is constant.
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This simplifying suggestion does not cause practically any inaccuracy in the calculation, since the
transformation of the modification takes place near the melting point of BaCl, (T, — T"=35°C). For
the activities at the transformation temperature the relations hold

_é_ffu[L_L]

Ina, =520 | - (11)
_%[L_L]

In g = =2 | = (12)

Since a, = «,. by means of eqns (//) and (/2) we obtain the expression for the hypothetic melting
temperature of the low-temperature modification

_(AHg.,+AH") Ty, T"

Ton=
*~ AH,. T"+AH"- Ty,

(13)

By introducing the thermodynamic parameters of BaCl, we obtain
ag.cn=0.9541, T,,=1210K=937°C.

For the calculation of the actual form of the dependence a; =f(x;), we employ again the universal
relationship [2] and compare this method with the Temkin's model [11]. In the BaCl,—NaCl system
kfucvmar, =1 and consequently a=x. The system has a common anion and the stoichiometric
coefficients for the non-common ion are equal, so that also according to Temkin it holds again a = x.

Both methods of calculation of the liquidus line lead to the same result, as it is shown together with
the experimental data in Fig. 3.

In the BaCl,—NaF system &RX.re.c,=2. and according to the universal relationship a =x*
According to Temkin's model for the activity of BaCl,

4x*

s =178 (14)

950
°c

930 910

910 890

-1890 - -870
—_— 1 1 ] 1 1 1 1 1 1 L 1 1 1
8 6 4 2 8 6 4 2
mole % NaCl BaCl, mole % NaF BaCl,
Fig. 3. Part of the phase diagram of the system Fig. 4. Part of the phase diagram of the system
BaCl,—NaCl. BaCl,—NaF.
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The values for the liquidus curve of BaCl, calculated by means of the universal relationship are
practically the same as those expressed according to Temkin and they are shown together with the
experimental values in Fig. 4. For the boundary composition of NaF at xga,,=(.9, the universal
relationship yields for the activity of BaCl, the value a =0.810, while according to Temkin we obtain
a=0.808. The calculated values for the composition coordinate of the transition point at the
transformation temperature are 97.68 mole % BaCl, and 2.32 mole % NaF.

°c
950

930

910

Fig. 5. Part of the phase diagram of the system
mole % Na,SO4 BaCl, BaCl,—Na,SO..

In the BaCl,—Na,SO, system kR, so.m.ci,=3, therefore according to the universal relationship
a = x’; the calculated liquidus line is shown in Fig. 5 together with the experimental data. According to
Temkin’s model
4x’

o= (3= 0y (x F 1) (15).

and the calculated values are practically the same as the activities calculated using the universal
relationship. For x =0.9 the activity of BaCl, equals to 0.729 according to the universal relationship,
and to 0.734 according to Temkin. The composition coordinate of the transition point in this system has
the value of 98.55 mole % BaCl, and 1.45 mole % Na,SO.,.

Discussion

The liquidus line of BaCl, in the studied systems was submitted to ther-
modynamic analysis. The criterion of thermodynamic consistency [ is fulfilled with
a maximum deviation of 3.5% [12]. The CTC III, verifying the course of the
liquidus lines in the vicinity of the transition point, exhibits a maximum deviation of
1.1%. The course of the liquidus lines was calculated by means of the universal
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Table 5

Results of the application of CTC [II1 in the studied systems

kS E
System ! AHy .- k3 AHy - k7 o
K %o
BaCl.—NaCl 390 1.298x 10" 1.306x10" 0.7
BaCl.—NaF 750 2.485x10" 2.512x10" 1.1
BaCl.—Na,SO;, 1140 3.810x10" 3.818x10" 0.5

relationship for the dependence a; = f(x;) as well as on the basis of the dependences
ensuing from the Temkin’s model. The agreement between the calculated and the
measured values was very good in the system BaCl,—NaCl the experimental and
the calculated coordinates of the transition point differed within 0.19 mole %. The
correctness of the experimental data and of theoretical calculations for the system
BaCl,—NaCl is indirectly supported also by the results of the measurements of the
liquidus curve of the system BaCl,—KCI [13]. The parameters of the transition
point taken from the phase diagram are: 95.2 mole % BaCl,, 4.8 mole % KCl,

"=924°C, Tg.a,=961°C.

The good agreement between the experimental data and the theoretical values
for all the three investigated systems indicates the reliability of the method of
calculating of the hypothetic melting temperature of the low-temperature modifi-
cation of the component under consideration. The results also confirmed the
applicability of the universal relationship for the calculation of activities in systems
of the given type and emphasized its advantage owing to its simplicity. In applying
the relations ensuing from the Temkin’s model instead of the universal relationship
for the activity of the component, we have to solve a cubic equation with respect to
X to obtain the composition coordinates of the transition point. The analysis
presented together with the calculations confirmed the correctness of the measured
values.

Table 6

Verification of the validity of relation (6) and of the rule of constancy (8) of the product
of the Stortenbeker correction factor and the composition coordinate of the minor component k5 . X;

; Ko x; & In x;
System i 11i X 7t In x;
exp (€] (6
BaCl,—NaCl 0.044 0.0459 0.0459
BaCl,—NaF 0.023 0.046 0.0464
BaCl,—Na,SO, 0.015 0.045 0.0465
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For the given systems it has been proved that the rule of constancy of the product
of the Stortenbeker correction factor and the composition coordinate of the minor
component in the transition point on the liquidus line of the component with a
polymorphous transformation is fulfilled within the limits of experimental error
(Table 6). This relationship allows e.g., to calculate the unknown value of the
Stortenbeker correction factor, if the value of the mentioned product for the given
substance is known.

Acknowledgements. The authoress wishes to express her gratitude to Professor M. Malinovsky.
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Symbols
ag activity of :omponent B in a liquid solution
ag activity of component B in the transition point
Apa_ny activity of component B in the system A—B
B"* pure solidd component B
B' componcat B in a liquid solution
CTC I, III  criteria »f thermodynamic consistency / and III
Gy’ Gibbs ¢nergy of pure substance B in the solid state
Glney Gibbs energy of substance B in the liquid state in the system A—B
AH, melting enthalpy of the a-modification of substance B
AHG , melting enthalpy of the f-modification of substance B
AH" change of enthalpy at the transformation of a modification (polymorphous transfor-
mation)
ko theoretically calculated slope of the tangent to the liquidus line at the temperature 7'
kew experimentally determined slope of the tangent to the liquidus line at the temperature 7'
k2 slope of the tangent to the liquidus line of the a- and f-modification, respectively, of the
component in the transformation point
k3 Stortenbeker correction factor for substance j introduced into substance /
Q transition point on the liquidus line of the component with polymorphous transformation
Toa melting temperature of the a-modification of component B
T" temperature of polymorphous transformation
TA thermal analysis
TPC temperature of the primary crystallization
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