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The phase diagram of the ternary system KF—KBF;—K:TiFs was determined using the thermal
analysis method. The subsequent coupled analysis of the thermodynamic and phase equilibrium data
was performed to obtain thermodynamically consistent phase diagram. In the system KCl—KBF,—
K,TiFg the intermediate compound K3TiFCl is formed. The K3TiFsCl—KBF}4 joint divides the
ternary system into two simple eutectic systems. The calculated coordinates of the two ternary

eutectic points are as follows:

e1: 24.1 mole % KClI, 62.1 mole % KBF4,
13.8 mole % K. TiFs, O, = 447.1°C
e2: 6.5 mole % KCl, 62.5 mole % KBF4,
31.0 mole % K.TiFs, O, = 414.5°C
The standard deviation of the temperature of primary crystallization in the calculated ternary

phase diagram is +17.1°C.

The system KCl—KBF;—K,TiFg is a part of
the quaternary system KF—KCl—KBF;—K,TiFg,
which may be used as electrolyte in the electrochem-
ical synthesis of TiB,, especially when coherent coat-
ings on metallic bases have to be prepared [1]. From
the theoretical point of view this system belongs to
the group of systems, in which chemical reactions be-
tween components take place affecting the real com-
position and consequently the physicochemical prop-
erties of the electrolyte.

Only the phase diagrams of the boundary binary
systems have been measured till now. The phase di-
agram of the system KCl—KBF, was studied in [2].
The authors of this work found out that it is a simple
eutectic system with the coordinates of the eutectic
point 75 mole % KBF4 and 464°C.

The phase diagram of the system KCl—K,TiFs
was studied in [3]. The congruently melting compound
K3TiFgCl with the melting temperature of 691°C,
formed in this system, divides the above system into
two simple eutectic systems. The coordinates of the
respective eutectic points are: 30.7 mole % K,TiFs,
652°C and 64.8 mole % K,TiFg, 670°C. The zero
value of the tangent of the K3TiFgCl liquidus curve
at (K3TiFeCl) = 0.5 indicates that this compound
undergoes at melting a considerable thermal dissocia-
tion. The dissociation degree calculated on the basis of
the experimentally determined phase diagram is a =
0.78, which is in a very good accordance with the value
obtained on the basis of the density data, ag(727°C)
= 0.71, ap(827°C) = 0.81 [4].

The phase diagram of the system KBF4;—K;TiFg
was measured in [5]. The authors found that it is a
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simple eutectic system with the coordinates of the eu-
tectic point 28 mole % KyTiFg and 448°C.

In the present work the phase diagram of the
ternary system KCl—KBF,—K,TiFg was determined
using the thermal analysis method and the subsequent
coupled thermodynamic analysis and the analysis of
equilibrium diagram data.

EXPERIMENTAL

The temperatures of individual phase transitions
(primary and secondary crystallization and the eu-
tectic temperature) were determined by means of the
thermal analysis, registrating the cooling and heating
curves of the investigated mixtures at a rate of 2—
5°C min~!. The samples (ca. 40 g) were placed in a
platinum crucible in the resistance furnace with an
adjustable cooling rate. The temperature control and
the data processing were performed using a computer-
ized measuring device. The temperature was measured
using a Pt—PtRh10 thermocouple calibrated to the
melting points of NaCl, KCl, and Nay;SO4. The hot
end of the thermocouple was immersed directly in the
melt. The measured temperatures of phase transitions
were reproducible in the range of +10°C.

For the preparation of samples, KCl (Lachema),
KBF, and K,;TiFs (both Fluka), all anal. grade, were
used. All chemicals were dried at 400°C for 2 h.

The phase transition temperatures in the ternary
system KCl—KBF;—K,TiF¢ were measured in differ-
ent cross-sections with constant mole fraction of one
component. The samples with high K,;TiFg content
showed tendency to undercooling. Careful adjusting of
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Table 1. Measured (fpc,e) and Calculated (fpc,c) Temperatures of Primary Crystallization, their Difference (Afpc), Temperatures
of Secondary Crystallization (6sc) and the Eutectic Temperatures (6e) of the Melts of the System KCl—KBF4—K:TiFg

Composition Opce Opc,c Abpc Gsc fe
TKCl TKBF, TK,TiFg °C °C °C °C °C
System KCI—KBF4 (2]
1.00 0.00 0.00 772 772.0 0.0
0.70 0.30 0.00 667 666.9 -0.1
0.60 0.40 0.00 629 629.9 0.9
0.40 0.60 0.00 542 547.4 5.4
0.30 0.70 0.00 491 497.9 6.9
0.20 0.80 0.00 490 504.5 14.5
0.10 0.90 0.00 519 537.0 18.0
0.00 1.00 0.00 570 570.0 0.0
System KCl—KTiFs [3]
1.000 0.000 0.000 T2 772.0 0.0
0.967 0.000 0.033 748 760.4 12.4
0.928 0.000 0.072 736 747.0 11.0
0.883 0.000 0.117 725 730.8 5.8
0.828 0.000 0.172 698 710.2 12.2
0.763 0.000 0.237 657 682.6 25.6
0.682 0.000 0.318 682 661.9 —20.1
0.580 0.000 0.420 687 689.0 2.0
0.518 0.000 0.482 697 695.6 —-1.4
0.500 0.000 0.500 696 696.0 0.0
0.446 0.000 0.554 694 692.5 -1.5
0.362 0.000 0.638 684 671.8 -12.2
0.264 0.000 0.737 684 679.7 —4.3
0.000 0.000 1.000 899 899.0 0.0
System KBF4—K2TiFg [5]
0.00 1.00 0.00 570 570.0 0.0
0.00 0.90 0.10 523 532.3 9.3
0.00 0.80 0.20 489 483.7 —-5.3
0.00 0.75 0.25 467 455.4 —-11.6
0.00 0.70 0.30 462 439.3 —-22.7
0.00 0.60 0.40 570 559.6 —10.4
0.00 0.50 0.50 671 661.9 -9.1
0.00 0.40 0.60 753 741.2 -11.8
0.00 0.30 0.70 785 796.3 11.3
0.00 0.20 0.80 833 831.9 -1.1
0.00 0.10 0.90 857 859.5 2.5
0.00 0.00 1.00 899 899.0 0.0
System KCl—KBF4—K;TiFg
0.80 0.10 0.10 708 702.3 —-5.7 613 438
0.70 0.10 0.20 676 663.0 —13.0 620
0.60 0.10 0.30 648 630.7 -17.3 629 -
0.50 0.10 0.40 662 656.8 —-5.2 577
0.40 0.10 0.50 667 657.4 —-9.6 432
0.20 0.10 0.70 736 694.3 —41.7 620 437
0.10 0.10 0.80 806 792.2 —-13.8 600 436
0.70 0.20 0.10 678 666.0 —12.0 587 449
0.60 0.20 0.20 644 623.0 -21.0 590 432
0.50 0.20 0.30 612 605.6 —6.4 590
0.40 0.20 0.40 628 623.3 —4.7 460
0.30 0.20 0.50 622 606.8 —-15.2 515 432
0.20 0.20 0.60 630 628.3 -1.7 430
0.10 0.20 0.70 770 745.7 —24.3 560 432
0.50 0.40 0.10 580 586.3 6.3 482 445
0.40 0.40 0.20 535 527.4 -7.6 535 444
0.30 0.40 0.30 568 547.8 —20.2 444
0.20 0.40 0.40 552 531.0 —21.0 433
0.10 0.40 0.50 550 598.2 48.2 527 433
0.10 0.50 0.40 457 496.5 39.5 432
0.30 0.60 0.10 476 488.5 12.5 449
0.20 0.60 0.20 456 469.8 13.8 450
0.10 0.60 0.30 465 4479 -17.1 439
0.20 0.70 0.10 450 472.3 22.3 443
0.10 0.70 0.20 455 463.0 8.0 447 433
0.10 0.80 0.10 496 502.9 6.9 450
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the cooling rate and registration of the heating curve
were used in such cases. The measured phase tran-
sition temperatures of the investigated samples are
given in Table 1.

DATA PROCESSING

The calculation of the phase diagrams of condensed
systems using the coupled analysis of the thermody-
namic and phase diagram data is based on the solution
of the set of equations of the following type

0 ai(T) _

ApsG (T)+ RT In au(T) 0 (1)
where Ag,sG?(T) is the standard molar Gibbs energy
of fusion of the component i at the temperature T, R is
the gas constant, and a,i(T") and a;,;(T) are the activ-
ities of component i in the solid and liquid phase, re-
spectively. Assuming the immiscibility of components
in the solid phase (as; = 1) and that the enthalpy of
fusion of the components does not change with tem-
perature, for the temperature of primary crystalliza-
tion of the component i, Tpc;, we get

- Afus};Ii0 +RT1R’Yl,i
pet ™ AfusSiO —Rlnz

(2)

where AgsH? and Ag,sS? is the standard enthalpy
and standard entropy of fusion, respectively, z;; and
7, is the mole fraction and the activity coefficient of
the component i, respectively. The activity coefficient
can be calculated from the molar excess Gibbs energy
of mixing

E
RTpcilnm,; = (anaA 9‘ ) (3)
nl T,p,‘n,j#i

where n; is the amount of substance of component i
and m is the total amount of substance of all compo-
nents.

In the ternary system A—B-—C the molar excess
Gibbs energy of mixing in the liquid phase, AGE, can
be described by the following general equation

AGlE s Z (z:(j)xgj)xg(j)) G; (4)
J

where z; are the mole fractions of components, G,
are empirical coefficients in the composition depen-
dence of the molar excess Gibbs energy of mixing and
k(3),1(5), m(j) are adjustable integers.

Using eqn (2), the following mathematical model
for the coupled thermodynamic analysis can be used

Toci = Foi+ ) FyiG; (5)
i

where Tpc; is obtained from the phase equilibrium
measurement. The first term on the right side rep-
resents the ideal behaviour and the second one the
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deviation from the ideal behaviour. For the auxiliary
functions Fp; and Fj;, with respect to the Gibbs—
Duhem relation, the following equations hold

Afus-EI'0
L= 1 6
Fos AfUSSiO — Rlnzy; ( )
anxi(j)xg.‘i)zg(i)
an; »
Fji= == (7)

AfusS’io —Rln Zy,i

If an intermediate compound Z = A,B,C.(p+q+
r = 1) is formed in the ternary system, eqns (4), (6),
and (7) for this compound must be modified (6, 7]

AGE = Z (xi(j)xgj)xg(j) _ pk(j)ql(j)rm(j)) G; (8

J

Afung
= 9
Foz AfysSY — Rln Kzh a2y, 9)
where K is the normalization factor.
Fj7z =
(=), o)+
p| e g | = Il
6TLA np,Nnc anB TANC anc nA,B (10)
AfysSY — RIn Kjzh zi 2l
where o -1
Ey= (pk(a)qtm,.mm) (11)
and
Gi=n (xf\(j)xgj)xg‘(j) _ pk(j)ql(j),,,m(j)) (12)

The calculation proceeds in one step introducing
all the binary and ternary data. Then for the binary
systems with a binary compound one of the integers
k(4),1(3),m(j) equals zero.

RESULTS AND DISCUSSION

The coupled thermodynamic analysis, ¢.e. the cal-
culation of the coefficients G; in eqn (4), resp. (8), has
been performed using the multiple linear regression
analysis omitting the statistically unimportant terms
on the 0.95 confidence level according to the Student
test. As the optimizing criterion for the best fit be-
tween the experimental and calculated temperatures
of primary crystallization the following condition was
used for all the n measured figurative points

Z (TPC,GXP,R =4 Tpc,calc,n)2 = min (13)

The values of the enthalpy of fusion of individ-
ual components were taken from the literature and
are summarized in Table 2. The experimentally de-
termined temperatures of primary crystallization in
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Table 2. Temperatures and Enthalpies of Fusion of Com-
pounds in the System KCl—KBF;—K>TiFg Used for
the Phase Diagram Calculation

Compound Agus HC Ttus Ref.
kJ mol~T K
KCl 26.154 1045 (8]
KBF: 17.656 843 (8]
K2 TiFs 21.000 1172 [9]
K3TiFgCl 47.000 969 [10]

0.0 0.2 0.4 0.6 0.8 1.0

x(KBFL)
KCl KBFL

Fig. 1. Optimalized phase diagram of the system KCl—
KBF4—K,TiFg. Isotherm values in °C.

the system KCl—KBF, were taken from [2], those
in the system KCl—K,TiFg from [3] and in the sys-
tem KBF4—K,TiFs from [5]. Besides condition (13)
for the calculation of the molar excess Gibbs energy
of mixing the minimum necessary G; coefficients for
attaining thermodynamical consistent phase diagram
and a reasonable standard deviation of approximation
were required.

The phase diagram of the system KCl—KBF,—
K,TiFg calculated using the coupled analysis of ther-
modynamic and phase diagram data is shown in Fig. 1.
Four crystallization fields are present in the phase di-
agram corresponding to the primary crystallization
of KCl, KBF,, K;TiFs and the intermediate com-
pound K3TiFgCl. The calculated coordinates of the
two ternary eutectic points are as follows:
e1: 24.1 mole % KCl, 62.1 mole % KBF4, 13.8 mole %

Ko TiFg, 0., = 447.1°C
e2: 6.5 mole % KCl, 62.5 mole % KBFy, 31.0 mole %
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KoTiFg, 0., = 414.5°C

The deviations of the experimental temperatures
of primary crystallization from the calculated ones are
listed in Table 1. The standard deviation of the tem-
perature of primary crystallization in the calculated
ternary phase diagram is £17.1°C.

For the molar excess Gibbs energy of mixing the
following equation was obtained

AGE = 2122G1a) + 1123(G131 + Gi3273)+

(14)
+ 2273(Gas,1 + Ga3.273) + G123722273

The first term represents the molar excess Gibbs en-
ergy of mixing in the binary system KCI—KBFy, the
second one in the binary system KCl—K,TiFg, and
the third one in the binary system KBF;—KyTiFg.
The last term represents the interaction contribution
in the ternary system. The coefficients G;; . are given
in Table 3. The molar excess Gibbs energy of mixing
in the ternary system KCl—KBF,—K,TiF¢ is shown
in Fig. 2.

The phase diagram of the boundary system KCl—
KBF, is shown in Fig. 3. The concentration depen-
dence of the molar excess Gibbs energy of mixing in
this system is symmetrical, which indicates that sim-
ple regular solutions are formed in this system. The
calculated concentration coordinates of the eutectic
point 72.9 mole % KBF, and 27.1 mole % KCl are
relatively close to those given in [2], while the cal-
culated eutectic temperature 481.7°C is substantially
higher.

The phase diagram of the boundary system KCl—
K,TiFs is shown in Fig. 4. The second-order poly-
nomial for the molar excess Gibbs energy of mixing
was obtained. The coordinates of eutectic points are:
e1: 29.7 mole % K,TiFs, 654.0°C; ep: 70.0 mole %
K,TiFg, 642.3°C. The value of e, differs from that
given in [3], probably due to the appreciable inaccu-
racy in the determination of the liquidus temperature.

Similar results, like in the previous work [5],
were obtained also for the boundary system KBF;—
K,TiF¢, where the third-order polynomial for the mo-
lar excess Gibbs energy of mixing was found. The

Table 3. Coefficients of the Concentration Dependence of the
Molar Excess Gibbs Energy of Mixing and the Stan-
dard Deviation of the Temperature of Primary Crys-
tallization of the Ternary System KCl—KBF4—

K, TiFg
Coefficient {Gij.x} = {SD in coefficient}
G12,1/(J mol™1) 1745 + 686
G13,1/(J mol™1) ~6906 + 2475
Gi3,2/(J mol™1) ~10055 =+ 2646
Ga3,1/(J mol™1) -6092 + 1086

Ga3,2/(J mol~1)
Gi23/(J mol~1)
SD in 8pc/°C

14202 + 1803
—-36401 £ 9885
17.1
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Fig. 2. Molar excess Gibbs energy of mixing (J mol~!) of the Fig. 4. Phase diagram of the system KCI—K2TiFe. Full cir-
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