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The phase diagram of the quaternary system KF—KCl—KBF4—K2TiF6 was determined using 
the thermal analysis method. Subsequent coupled analysis of the thermodynamic and phase diagram 
data was performed to obtain thermodynamically consistent phase diagram. 

In the ternary system KF—KCl—K2TiF6 two intermediate compounds, K3TÍF7 and K3TiF6Cl, 
are formed. The calculated coordinates of the three ternary eutectic points are ei: 13 mole % KF, 
25 mole % KCl, 62 mole % K2TiF6 , Ui = 635 °C, e2: 21 mole % KF, 50 mole % KCl, 29 mole % 
K2TiF6 , U2 = 620°C, and e3: 46 mole % KF, 44 mole % KCl, 10 mole % K2TiF6 , *ез = 586°C. The 
phase diagram was calculated from the binary boundary ones and from the measured quaternary 
mixtures. 

Three quaternary eutectic points were found in the quaternary phase diagram KF—KCl—KBF4— 
K 2 T i F 6 . Their coordinates are ец 2.8 mole % KF, 5.8 mole % KCl, 64.5 mole % KBF 4 , 26.9 mole 
% K 2 T i F 6 , tei = 413°C, e 2: 4.9 mole % KF, 13.7 mole % KCl, 73.9 mole % KBF 4 , 7.5 mole % 
K 2 T i F 6 , ie2 = 389°C, and e 3 : 14.0 mole % KF, 11.2 mole % KCl, 74.0 mole % KBF 4 , 0.8 mole % 
K 2 T i F 6 , ie3 = 336°C. The inaccuracy in the calculated phase diagram is ± 20.7°C. 

The study of physicochemical properties of the 
molten system KF—KCl—KBF 4 —K 2 TiF 6 is impor­
tant because of its potential use as an electrolyte for 
electrodeposition of titanium diboride [1]. The phase 
diagrams of the individual ternary boundary systems 
were already studied previously. 

The phase diagram of the ternary system K F — 
KCl—KBF4 was measured in [2]. It was found that the 
system is a simple eutectic one with the coordinates 
of the eutectic point of 19.2 mole % KF, 18.4 mole % 
KCl, 61.4 mole % KBF 4 and the temperature of the 
eutectic crystallization of 4 2 2 ^ . 

In the ternary system KF—KCl—K 2 TiF 6 [3] two 
intermediate compounds, K 3 TiF 7 and K 3TiF 6Cl, are 
formed. The authors found two ternary eutectic points 
with the coordinates ei: 9.6 mole % KF, 32.2 mole % 
KCl, 58.2 mole % K 2 TiF 6 , ^ i = 640°C, e 2: 38.8 mole 
% KF, 47.7 mole % KCl, 13.5 mole % K 2 TiF 6 , fc2 

= 562°C, and one peritectic point with the coordi­
nates 39.1 mole % KF, 35.0 mole % KCl, 25.9 mole % 
K 2 TiF 6 , ip = 600°C. 

In the ternary system KF—KBF 4 —K 2 TiF 6 , mea­
sured in [4], it was found that the intermediate com­
pound K3TÍF7 divides the system into two simple eu­
tectic systems. The calculated coordinates of the two 
ternary eutectic points are as follows: ei: 26 mole % 

KF, 69 mole % KBF4, 5 mole % K2TiF6 , ki = 448 °C 
and e2: 4 mole % KF, 69 mole % KBF4, 27 mole % 
K2TiF6 , U2 = 440^C. The inaccuracy in the calculated 
ternary phase diagram was ± 11.5 °C. 

According to [5], in the ternary system KCl— 
KBF4—K2TiF6 the intermediate compound K3TiF6Cl 
divides the ternary system into two simple eutectic 
ones. The calculated coordinates of the two ternary 
eutectic points are ei: 24.1 mole % KCl, 62.1 mole % 
KBF4, 13.8 mole % K2TiF6 , fei = 447.142 and e2: 
6.5 mole % KCl, 62.5 mole % KBF4, 31.0 mole % 
K2TiF6 , ie2 = 414.5X:. The standard deviation of the 
temperature of primary crystallization in the calcu­
lated ternary phase diagram was ± 17.141). 

In the present work the phase diagram of the qua­
ternary system KF—KCl—KBF4—K2TiF6 was cal­
culated using the coupled analysis of thermodynamic 
and previously published binary and ternary, as well as 
in this work measured quaternary equilibrium phase 
diagram data. 

T H E O R E T I C A L 

The calculation of the phase diagram using the 
coupled analysis of the thermodynamic and phase dia­
gram data is based on the solution of a set of equations 
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of the following type 

Afu sG?(T) + ižTln оц (T) 

<b,i(T) 
= 0 (D 

where Afus G? is the standard molar Gibbs energy of 
fusion of the component i at the temperature T, R is 
the gas constant, and aSti(T) and a\ti(T) are the ac­
tivities of component i in the solid and liquid phase 
at the temperature T, respectively. For T = TpCtj and 
assuming ACPjS/\ = 0 and the immiscibiUty of compo­
nents in the solid phase Osj = 1, the thermodynamic 
temperature of primary crystallization of the compo­
nent i is then 

•*pc,i — (2) 

where A{usHf and Afus5° is the standard enthalpy 
and standard entropy of fusion, respectively, x\^ and 
715i is the mole fraction and the activity coefficient of 
component i, respectively. The activity coefficients can 
be calculated from the molar excess Gibbs energy of 
mixing, AG E , according to the relation 

ÄTpctlnTi,* = 
d (nAGE) 

drii 
(S) 

T,P,nJ4ti 

where щ is the amount of component i and n is the 
total amount of all components. 

The molar excess Gibbs energy of mixing in the 
liquid phase in the quaternary system KF—KCl— 
KBF4—K2TÍF6 was calculated as the sum of the mo­
lar excess Gibbs energies of mixing in the binary sys­
tems, of the molar excess Gibbs energies of mixing in 
the ternary systems and of the quaternary interaction 
terms. 

The molar excess Gibbs energy of mixing in the 
boundary binary systems was described using the fol­
lowing general equation 

AG^bin = E*t P(k)c(k) Gk (4) 

and in the ternary systems 

3 

AG?Mt = £ AG?bin + £ Ji"4W4{k)G'k (5) 
1 = 1 

For the molar excess Gibbs energy of mixing in the 
quaternary system the final equation is then 

AGU = ± AGtter+Y,x?{k)4'(k)4'ik)4 №)G2 
i = i 

(6) 

where the second term represents the quaternary in­
teractions. Exponents b"(it), c"(ifc), d"(fc), and e"(k) 
are integers in the range 1—3. 

However, in the binary systems KF—K2TÍF6 and 
KCl—K2TiF6 the intermediate compounds K3TiF7 

and K3TÍF6CI, respectively, are formed. In the calcu­
lation this fact was taken into account in the following 
way. 

Let us consider the system AX—AY, in which a 
compound mAX.nAY is formed in the solid state. 
According to [6], this compound may be writen as 
(AX)p. (AY),, where 

m 
P = m + n 

q = 
n 

m + n 
(7) 

and the Gibbs energy of fusion of (AX)p.(AY)g equals 
to 

AfusG° (mAX.nAY) 
A , „ , G ° [ ( A X , , . ( A Y > , ] = ^ i ^ (S) 

The activity of (AX) . (AY) can be expressed in the 
form 

a [(AX)„ . (AY),] = x [(AX)„. (AY),] 7 [(AX)„. (AY),] 

(9) 
The activities of AX and AY are then 

a (AX) = x (AX) 7 (AX), a (AY) = x (AY) 7 (AY) 
(10) 

E X P E R I M E N T A L 

For the preparation of samples the following chem­
icals were used: KF, KCl (both Lachema), KBF4 and 
K2TiF6 (both Fluka), all anal, grade. KF was dried 
in vacuum at 130°C in the presence of P4O10 for two 
weeks, KCl, KBF4, and K2TiF6 were dried at 400°C 
for 2 h. All handling of salts was done under a dry 
inert atmosphere in a glove box. 

The temperatures of individual phase transitions 
were determined by means of thermal analysis, record­
ing the cooling and heating curves of the investigated 
mixtures at a rate of 2—5°C min"1. The platinum 
crucible with the sample (10 g) was placed into the 
resistance furnace with adjustable cooling rate and a 
controlled argon atmosphere. The temperature con­
trol and the data processing were performed using 
a computerized measuring device. The temperature 
was measured using a PtRhlO—Pt thermocouple cal­
ibrated to the melting points of anal, grade NaCl, KCl, 
and Na2SC>4. The measured transition temperatures 
were reproducible within ± 3°C. 

The thermal analysis in the quaternary system 
KF—KCl—KBF4—K2TiF6 was performed in cross-
sections with constant 10, 20, 30, 40, 50, 60, and 70 
mole % K2TiF6 . The measured temperatures of pri­
mary and eutectic crystallization are given in Table 1. 
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T a b l e 1. Measured (tpc.exp) and Calculated (*pC,caic) Temperatures of Primary Crystallization, their Difference (Atpc)i and the 
Temperatures of Secondary Crystallization (kc) of Individual Mixtures in the Quaternary System K F — K C l — K B F 4 — 
K 2 T i F 6 
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R E S U L T S A N D D I S C U S S I O N 
^ - ^ __ v 2 

The coupled thermodynamic analysis, i.e. the cal­
culation of coefficients G*, G'k, and GJJ in eqns (4— 
6), respectively, has been performed using the multi­
ple linear regression analysis omitting the statistically 
nonimportant terms in the molar excess Gibbs energy 
of mixing on the 0.99 confidence level according to the 
Student's test. As the optimizing criterion for the best 
fit between the experimental and calculated tempera­
tures of primary crystallization the following condition 
was used for all measured points for tne excess molar UIDDS energy 01 mixing m 

7 л Upc,expvn - JpccalcnJ = ™"- \^4 
n 

The values of the enthalpy of fusion of individual 
components used in the calculation are summarized in 
Table 2. The experimentally determined temperatures 
of primary crystallization in the ternary system K F — 
KCl—KBF4 were taken from [2], those of the system 
K F — K B F 4 — K 2 T i F 6 from [4], and those of the sys­
tem KCl—KBF 4 —K 2 TiF 6 from [5]. 
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Table 2. Temperatures and Enthalpies of Fusion of Com­
pounds Used for the Phase Diagram Calculation 

Compound 

KF 
KCl 
KBF 4 

K 2 TiF 6 

K3TÍF7 
K 3TiF 6Cl 

A f u s t f ° 

k J mol" 1 

27.196 
26.154 
17.656 
21.000 
57.000 
47.000 

Tfus 

К 

1131 
1045 
843 

1172 
1048 
969 

Ref. 

[7] 
[7] 
[7] 

И 
M 

[10] 

boundary binary systems the general equation 

AG^bin = xxx2 (Gi + G2X2 + Gzx\) (12) 

was found to be valid. The values of the coefficients 
Gi together with the standard deviations of the fits 
are given in Table 3. 

For the excess molar Gibbs energy of mixing in the 
ternary systems the following equations were obtained 

A ^ K C I - K F - K B F « = 

= I ľ AGM>in + G'&xlxs + G2xxx\x\ (13) 
t = i 

A C ? K F _ K 2 T i F 6 _ K B F 4 = 

= Ž AGM>in + G[xlx2x3 + G2x\x2x\ (14) 

A G K C l - K 2 T i F 6 - K B F 4
 = 

= Ž A GU>in + G'^xlxj + Gl>xix2xi+ 
i = l 

11 JlJl^Z , л / J , + G3XÍX2X3 + G'Ax{x2xz (15) 

^GKCl-KF-K2TiF6 = 
3 

= ^2 AG^bin + G i xix2xz + G'2xia$x3+ 
t = i 

-+• G%XiX2x% (i6) 

The calculated coefficients of the concentration depen­
dence of the excess molar Gibbs energy of mixing to­
gether with the standard deviations of the fit temper­
ature in the ternary systems axe given in Table 4. 

Table 3 . Coefficients d of the Concentration Dependence of the Molax Excess Gibbs Energy of Mixing and the Standard Deviations 
of the Temperature of Primary Crystallization in the Binary Subsystems of the Quaternary System KF—KCl—KBF4— 
K 2 TiF 6 

System 

KCl—KF 
KF—KBF 4 

KF—K 2 TiF 6 

KCl—KBF4 

KCl—K2TiF6 

K 2 TiF 6 —KBF 4 

G i 

J mol" 1 

2144 ± 547 
3836 ± 233 

-11507 ± 1743 
50 ± 22 

-7531 ± 2458 
8475 ± 830 

G2 

J mol" 1 

-7379 ± 284 
-14434 ± 790 
-19918 ± 6050 

3725 ± 736 
25700 ± 6335 

-25810 ± 1426 

Gz 

J mol" 1 

6111 ± 829 
6625 ± 833 

33344 ± 5830 
-7175 ± 2367 

-31125 ± 8457 
12905 ± 713 

a 

°C 

1.2 
1.9 
6.5 
5.6 
5.0 
6.1 

Tab le 4 . Coefficients G'{ of the Concentration Dependence of the Molar Excess Gibbs Energy of Mixing and the Standard Deviations 
of the Temperature of Primary Crystallization in the Ternary Subsystems of the Quaternary System KF—KCl—KBF4— 
K 2 TiF 6 

Coef. 
System 

KCl—KF—KBF4 KCl—KF—K2TiF6 KF—K 2 TiF 6 —KBF 4 KCl—K2TiF6—KBF4 

G\ 

J mol" 

G' 

J mol" 1 

J mol" 1 

SI 
J mol" 1 

a 

-22709 ± 1429 

-36041 ± 1843 

36975 ± 2173 

-31585 ± 2067 

-1241825 ± 89126 

-14718 ± 5725 

-198846 ± 16972 

6.8 15.2 

-263005 ± 16623 

92415 ± 8284 

796972 ± 72485 

41055 ± 5182 

17.6 
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KJ-.F. 

XÍKJIF.)^ 

KJlF.Cl/ 
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eVty 

ж 
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bŕxiKJiFJ 

fe\ KJiF7 

\ \ o > 

>ü.. 
0 4 x(KF) ° 6 0.8 

Fig. 1. The calculated ternary phase diagram of the system 
KF—KCl—K2TiF6 (parameter: t/°C). 

Ill (80% KJ1F, 
+ 20% KBF4) 

I (80% KCl 
+ 20% KBF4) 

II (80% KF 
+ 20% KBF4) 

Fig. 2. Cross-section of the quaternary phase diagram KF— 
KCl—K2TiF6—KBF4 at 20 mole % KBF4 (parameter: 
t/°C). 

The ternary system KF—KCl—KBF4 is a sim­
ple eutectic one with the coordinates of the eutec­
tic point 21 mole % KF, 19 mole % KCl, 60 mole 
% KBF 4 and the temperature of the eutectic crys­
tallization of 409 °C. The inaccuracy in the calculated 
ternary phase diagram is ± 6.8°C. In the ternary sys­
tem KF—KBF 4 —K 2 TiF 6 the intermediate compound 
K3TÍF7 divides the system into two simple eutectic 
ones. The calculated coordinates of the two ternary eu­
tectic points are ei: 26 mole % KF, 68 mole % KBF 4 , 6 
mole % K 2 TiF 6 , ki = 450 ^C and e 2: 3 mole % KF, 69 
mole % KBF 4 , 28 mole % K 2 TiF 6 , t*2 = 435 °C. The 
inaccuracy in the calculated ternary phase diagram is 
± 15.2°C. 

In the ternary system KCl—KBF 4 —K 2 TiF 6 the 
intermediate compound K3TÍF6CI is formed, which 
divides the ternary system into two simple eutectic 
systems. The calculated coordinates of the two ternary 
eutectic points are ei: 18 mole % KCl, 66 mole % 
KBF 4, 16 mole % K 2 TiF 6 , ki = 449°C and e 2: 6 mole 
% KCl, 63 mole % KBF 4 , 31.0 mole % K 2 TiF 6 , t*2 

= 417 °C. The inaccuracy in the calculated phase dia­
gram is ± 17.6°C. 

In the ternary system KF—KCl—K 2 TiF 6 two in­
termediate compounds, K3T1F7 and K3T1F6CI, are 
formed. The calculated coordinates of the three 
ternary eutectic points are ei: 13 mole % KF, 25 mole 
% KCl, 62 mole % K 2 TiF 6 , ^ = 635 <C, e 2 : 21 mole % 
KF, 50 mole % KCl, 29 mole % K 2 TiF 6 , ^2 = 620°C, 
and e 3: 46 mole % KF, 44 mole % KCl, 10 mole % 
K2TiFe, *ез = 586 °C. The phase diagram was calcu­
lated from the binary boundary ones and from the 
measured quaternary mixtures, therefore the standard 
deviation of the fit is not given. The calculated phase 
diagram of this system is shown in Fig. 1. The exper­
imentally determined [3] phase diagram is probably 

VI (60% KJiF, 
+ 40% KBF4) 

IV (60% KCl 
+ 40% KBFJ *(V) 

V (60% KF 
+ 40% KBF4) 

Fig. 3. Cross-section of the quaternary phase diagram KF— 
KCl—K2TiF6—KBF4 at 40 mole % KBF4 (parameter: 
t/°C). 

not quite correct because of few experimental data in 
the region of the presented peritectic point. 

Finally, for the excess molar Gibbs energy of mix­
ing in the ternary systems of the quaternary system 
KF(2)—KC1(1)— KBF 4 (4)—K 2 TiF 6 (3) the following 
equation was obtained 

4 

A < ^ u a t = Y, A Gľ,ter + G'ix&x&l + G4x\x2x\x\+ 

-hG /
3

,x 1x 2x|x 4 (17) 

The calculated coefficients of the excess molar 
Gibbs energy of mixing and the standard deviation of 
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Fig. 4. Cross-section of the quaternary phase diagram KF— 
KCl—K2TiF6—KBF4 at 60 mole % KBF4 (parameter: 
*/°c). 

the measured and calculated temperature of primary 
G" 

crystallization for the quaternary system are: \—r J mol L 

= 2009367 ± 145628, T

 G\ л = 15367354 ± 1123575, J mol
-1 

QU 
- — % — - = 249546 ± 20491, — = 20.7. Three qua-
J m o l " 1 °C 
ternary eutectic points were found in the quaternary 
phase diagram K F — K C l — K B F 4 — K 2 T i F 6 . Their co­
ordinates are e i : 2.8 mole % KF, 5.8 mole % KCl, 64.5 
mole % K B F 4 , 26.9 mole % K 2 T i F 6 , k i = 413°C, e 2 : 
4.9 mole % KF, 13.7 mole % KCl, 73.9 mole % K B F 4 , 

7.5 mole % K 2 T i F 6 , t 2 = 389^С, and e 3 : 14.0 mole % 
KF, 11.2 mole % KCl, 74.0 mole % K B F 4 , 0.8 mole 
% K 2 T i F 6 , *ез = 336 °C. T h e inaccuracy in the calcu­
lated phase diagram is ± 20.7°C. T h e cross-sections 
of the quaternary phase diagram K F — K C l — K B F 4 — 
K 2 T i F 6 with constant content of 20,40, and 60 mole % 
K B F 4 are shown in Figs. 2—4. 
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