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Abstract
Predictions for the liquid Co–Sn–Zn alloys thermody-
namic properties (molar excess Gibbs energy) were 
presented in this paper. The calculations were per-
formed in the temperature range 1 000–2 000 K. Geo-
metric models were used and the respective calculated 
molar excess Gibbs energies were compared to Calphad 
method assessments. The concentration dependences 
of the liquid phase thermodynamic properties along 
vertical sections with Sn/Zn ratios of 1 : 5, 1 : 1 and 5 : 1 
were estimated. Ternary interaction parameters (L0, L1 
and L2) of the liquid phase were determined using Gen-
eral solution (geometric) models from thermodynamic 
data of the binary end–systems (Co–Sn, Co–Zn, Sn–Zn). 

Key words: sgeneral solution model, ternary interacti-
on parameters, ternary systems, Calphad method

Izvleček
V članku je predstavljena napoved termodinamčnih 
lastnosti (molske prebitne proste Gibbsove energije) 
tekočih zlitin Co-Sn-Zn. Izračuni so bili izvedeni v tem-
peraturnem območju 1 000–2 000 K. Uporabljeni so bili 
geometrijski modeli. Odgovarjajoče izračunane molske 
prebitne proste Gibbsove energije so bile primerjane z 
oceno po Calpad-metodi. Termodinamične lastnosti te-
koče faze v odvisnosti od koncentracije so bile določene 
za vertikalne prereze in razmerja Sn/Zn 1 : 5, 1 : 1 ter 
5 : 1. Ternarni interakcijski koeficienti (L0, L1 and L2) 
so bili določeni z uporabo modela posplošene rešitve 
iz končnih birnarnih sistemov (Co–Sn, Co–Zn, Sn–Zn). 

Ključne besede: model posplošene rešitve, ternarni 
interakcijski parametri, ternarni sistem, Calpad-meto-
da

Co–Sn–Zn liquid phase thermodynamic 
properties investigation performed 
by different geometric models and by 
CALPHAD method
Raziskava termodinamičnih lastnosti tekoče faze 
Co-Sn-Zn z različnimi geometričnimi modeli in 
CALPAD-metodo
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Introduction 

The Co–Sn–Zn system is interesting as poten-
tial materials using in industrial application 
like alloys applicable as lead free materials[1]. 
These materials are expected to be designed on 
the basis of systems containing low-melting el-
ements like Sn and Zn. It is well known that the 
classical lead-tin based alloys represent a seri-
ous health and environmental risk. Pb-contain-
ing alloys use recently[2] but the replacement 
of the whole variety of Sn–Pb based materials 
turned out to be a very difficult task[3]. 
The binary end-systems Co–Sn[4] and Co–Zn[5] 
have been intensively studied. They exhibit a 
large numbers of intermetallic phases. The bi-
nary system Sn–Zn represents a simple eutectic 
phase diagram[6]. 
This ternary system is included in the thermo-
dynamic database developed by the European 
concerted action Solders[6] and reliable ther-
modynamic optimization is available. The task 
of the present study is to apply different ways 
to assess the thermochemical properties of the 
ternary melt Co–Sn–Zn.

Theoretical fundamentals of the 
assessments

The so-called “geometric models” give the pos-
sibility to predict the thermodynamic proper-
ties of a ternary phase (in this case – liquid) 
using the data for the respective binary end 
systems. In this work, assessments were done 
using the most common classic geometric mod-
els of Kohler[7], Toop[8], and Hilert[9] as well as 
the general solution model (GSM) developed by 
Chou[10, 11]. 
Hillert[9] classified the geometric models as 
symmetrical (e.g.[7]) and asymmetrical (e.g.[8, 9]). 
Such a universal approach was developed re-
cently by Chou[10, 11] and was successfully ap-
plied to a variety of cases[12, 13, 14]. Nevertheless, 
a brief description of the techniques used is de-
scribed below.
The molar excess Gibbs energy (ΔGE, J mol–1) 
of the ternary liquid phase was chosen as pa-
rameter which values have to be calculated by 
various models and compared. This function 
describes the contribution of the non-ideal 

mixing to the thermodynamic properties of 
a solution phase. The molar excess Gibbs en-
ergies values of every binary end-system are 
necessary as starting points and calculated by 
means of Thermo-Calc software package[15]. 
The composition dependence of the binary 
Gibbs molar excess energies (ΔGE

ij) was given 
by Redlich-Kister formalism[16].
The Gibbs molar excess energy of a ternary 
phase (ΔGE

123), consisting of the elements 1, 2 
and 3, was given by the expression:

(1)

where ΔGE
123 is the contribution of the ternary 

non-ideal mixing. In the simplest case of a regu-
lar ternary solution it may be assessed as:

						    
				  

(2)

where L123 is a ternary interaction parameter 
that might be temperature and concentration 
dependent. 
The most essential equations, associated to the 
geometrical models[7, 8, 9] were used for calcula-
tions. 
Equation (3) can be used as an introduction of 
the General solution model (GSM) of Chou[10, 11]: 

						    
		  (3)

	Here f123 is the ternary interaction coefficient, 
related to the Redlich-Kister ternary interac-
tion parameters Lijk (f123 = x1 × L0

123 + x2 × L1
123 

+ x3 × L2
123).          

ξij are “similarity coefficients”, that were defined 
by the term ηi called “deviation sum of squares. 
Equation (4) presented model of Chou.

	
(4)

Basic thermodynamic information on the bi-
nary subsystems, needed for the assessment, 
was taken from[6]. The optimized Redlich-Kis-
ter parameters of each system are presented in 

f123 = (2ξ12 − 1){L2
12((2ξ12 − 1)x3 + 2(x1 − x2)) + 

L1
12} + (2ξ23 − 1){L2

23((2ξ23 − 1)x1 + 2(x2 − x3)) + L1
23} + 

(2ξ31 − 1){L2
31((2ξ12 − 1)x2 + 2(x3 − x1)) + L1

31}
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Table 1. They were used for the calculation of 
the molar excess Gibbs energies of the binary 
end-systems liquid phases. In this work: Co is 
represented as component 1, Sn - component 2 
and Zn - component 3.

Results and discussion 

Calculations of the coefficients f123 were done 
along three sections of the Co–Sn–Zn system 
with molar Sn : Zn ratios 1 : 5, 1 : 1 and 5 : 1 in 
the interval 1 000–2 000 K at amount fractions 
of cobalt equal to 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 
0.7, 0.8, 0.9 and 1. In such a way a large amount 
of data was obtained and used thereafter tо de-
rive the parameters Lijk. The results for the ter-
nary parameters are shown in Table 2. 
Comparative reviews of the molar Gibbs excess 
energies (∆GE, J mol–1) assessed at 1 973 K by 
using different geometric models (GSM[10, 11], 
Toop[8], Hilert[9] and Kohler[7]) and by the Cal-
phad method (binary parameters only)[6]) are 
shown in Figures 1–3. Figure 1 shows calcula-

tions for the molar ratio Sn : Zn = 1 : 5. In this 
figure all curves exhibit positive values for the 
Gibbs excess energies. These positive devia-
tions can be related to a possible miscibility gap 
in liquid phase at Co-Zn side in the ternary dia-
gram. In this case, the values assessed by sym-
metrical models[7] were quite similar and were 
accompanied by the Calphad-type calculated 
quantities. The same conclusion is valid for the 
values calculated by both asymmetrical meth-
ods[8, 9]. The GSM-assessed molar Gibbs excess 
energies deviate from all others.

Most of the assessments predict (in general) 
negative ∆GE with a minimum in the composi-
tion interval of 0.5–0.55 amount fraction cobalt 
is shown in Figure 2. The calculations based on 
the GSM[10, 11] deviate from all others predicting 
a minimum at around 0.4–0.5 amount fractions 
cobalt.
In Figure 3 the molar Gibbs excess energies 
along the section with Sn:Zn molar ratio equal 
to 1 : 1 all curves are with sign-changing values. 
Small negative values, up to around –700 J mol–1 

System, i–j Lo
ij/(T)/(J mol–1) L1

ij (T)/(J mol–1) L2
ij(T)/(J mol–1)

Co–Sn –113 890 + 568.4038 * T
–68.169 * T * LN(T)

–56 193.26 + 283.7657 * T
–33.6875 * T * LN(T) 0

Co–Zn –15 017 + 12.735 * T +51 758 – 29.752 * T 0

Sn–Zn +19 314.64 – 75.89949 * T
+ 8.751396 * T * LN(T) –5 696.28 + 4.20198 * T +1 037.22 + 0.98362 * T

Table 1: Optimized parameters (L0
ij, L

1
ij , L

2
ij) for the liquid binary phases of the Co–Sn[4], Co–Zn[5] and Sn–Zn[6] systems used in the 

present work; T – temperature, K

Figure 1: Calculated molar Gibbs excess energies 
(∆GE/(J mol–1)) of the liquid phase, along a section with 
constant molar Sn/Zn ratio equal to 1 : 5 at 1 973 K.

Figure 2: Calculated molar Gibbs excess energies (∆GE, J mol–1) 
of the liquid phase, along a section with constant molar Sn : Zn 
ratio equal to 5 : 1 at 1 973 K. 
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in curves 2–5 are calculated. Sign-changing 
positive values are reached to 300 J mol–1. Along 
this section a maximum in the composition in-
terval of 0.6–0.75 amount fractions cobalt are 
predicted, except by the assessment done using 
the GSM model (Figure 3, curve 1). The latter 
is sign-changing as well but deviates symmet-
rically from each other calculation. The reason 
for this discrepancy could not be found. These 
deviations in GSM model is observed in another 
ternary system - Ni-Bi-Zn[17].

Figure 4 presented molar Gibbs excess energies 
of the liquid phase in broad temperature range 
1 000–2 000 K used GSM model of Chou[10, 11]. 
The calculations exhibit negative Gibbs ener-
gies at low temperature. But at temperatures of 
1 400 K to 2 000 K Gibbs energies are shown 
mix of negative and positive values.

The values of the ternary molar Gibbs excess 
energies (∆GE) in the temperature range 1 000–
2 000 K and along sections with Sn : Zn molar 
ratios equal to 1 : 5, 1 : 1 and 5 : 1, obtained from 
GSM are shown in Figures 5–7, respectively. 
These figures give a graphical view of the sur-
faces calculated at different temperature region 
(from 1 000 to 2 000 K) constituted by the val-
ues of the liquid phase molar Gibbs excess en-
ergies and amount fractions Co. Typically, there 
are maximums (positive ∆GE values) in the Co–
rich regions and especially in Co–Zn rich solu-
tions. From another side relatively small nega-
tive ∆GE values are predicted for the Co–Sn rich 
compositions. 

Figure 3: Calculated molar Gibbs excess energies (∆GE, J mol–1) 
of the liquid phase, along a section with constant molar Sn : Zn 
ratio equal to 1 : 1 at 1 973 K.

Figure 4: Calculated molar Gibbs excess energies (∆GE, J mol–1) 
of the liquid phase in all temperature range according to GSM 
models.

Figure 5: Ternary molar Gibbs excess energies calculated 
along the selected sections and at the retained temperatures.

Figure 6: Ternary molar Gibbs excess energies calculated 
along the selected sections and at the retained temperatures.
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Figures 8–10 presented comparative revue 
between molar Gibbs excess energies of the 
liquid phase calculated at 1 973 K with binary 
coefficients of liquid phase[4–6] and with terna-
ry coefficients obtained in this work. At calcu-
lations with molar ratios Sn : Zn equal to 1 : 1 
and 5 : 1 observed that Gibbs energy calculated 
with ternary coefficients is more negative then 
calculated with binary parameters only. At Sn : 
Zn ratio equal to 1 : 5 appeared positive values 
of molar Gibbs excess energy with binary and 
ternary parameters. This is probably connected 
with miscibility gap in Co-Zn corner in the ter-
nary phase diagram. 

Conclusion

Some thermodynamic properties of the Co–
Sn–Zn liquid phase were predicted using the 
general solution model developed by Chou and 
have been compared with different geometrical 
models. The general solution model have mid-
dle place between symmetrical and asymmet-
rical models and give possibilities for estimat-
ing thermodynamic properties and calculating 
phase diagrams for ternary systems.
Ternary interaction parameters (L0, L1 and L2) 
of the liquid phase have been determined using 
General solution model from thermodynamic 
data of the binary end–systems (Co–Sn, Co–Zn, 
Sn–Zn). The values of ternary parameters are: 
L0 = +2 384.018 – 0.7073 * T; L1 = +1 879.167–
0.0547 * T; L2 = +1 622.753–0.065 * T. The com-
parative analyses were performed between 

Figure 7: Ternary molar Gibbs excess energies calculated 
along the selected sections and at the retained temperatures.

Figure 8: Comparative analysis between Gibbs free energy of 
the liquid phase, along a section with constant molar Sn : Zn 
ratio equal to 1 : 1.

Figure 9: Comparative analysis between Gibbs free energy of 
the liquid phase, along a section with constant molar Sn : Zn 
ratio equal to 1 : 5.

Figure 10: Comparative analysis between Gibbs free energy 
of the liquid phase, along a section with constant molar 
Sn : Zn ratio equal to 5 : 1.
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Gibbs free energy of the liquid phase with 
ternary parameters obtained in this work and 
with binary parameters of each binary system. 
Good agreement was found indicating that such 
an approach was possible in systems where no 
experimental data were available.
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