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Abstract The results of comparative thermodynamic

analysis of AuIn–Sb section in ternary Au–In–Sb system

are presented in this paper. Investigation was carried out

experimentally, using Oelsen calorimetry at the tempera-

ture 873 K and analytically, applying different predicting

methods––Toop and Muggianu in the temperature interval

from 873 K to 1673 K. The values for integral molar Gibbs

excess energies and antimony activities have been deter-

mined and compared at temperature of 873 K, which

indicated to good agreement between experimental results

and results obtained using Toop predicting model.
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Introduction

Gold and gold alloys are widely applied in modern tech-

nical branches––electronics, communications, space and

aero technologies, chemistry and medical science, etc.

They are known for good mechanical and thermal prop-

erties, as well as corrosion consistency. Owing to the for-

mation of low temperature eutectic, gold alloys are often

used as welding alloys in electronics [1].

Indium-based lead-free solder alloys are concerned as a

possible alternative to conventional Pb-bearing solders in

step soldering, which are required for high density packaging

of multi-chip modules demanding a number of solders with

melting points over a wide temperature range [2, 3].

Among described systems, the Au–In–Sb alloys have

been taken into consideration as the potential lead-free

soldering material based on indium and gold, as well.

Therefore, knowledge of thermodynamic behavior and

phase diagram of ternary Au–In–Sb system is of impor-

tance in predicting the interface reactions between In-based

solders and Au-substrate, providing a tool for design a

potential interface [3]. Thermodynamic data for constitu-

tive binary systems Au–In, In–Sb and Au–Sb can be found

in the COST 531 Database for Lead Free Solders [4].

Considering the references on ternary Au–In–Sb system, it

was investigated by Kubiak and Schubert [5], Tsai and

Williams [6], assessed by Liu et al. [3] and recently

examined by Gomidželović et al. [7, 8].

As a contribution to better knowledge of thermodynamic

properties of Au–In–Sb system, which is shown in Fig. 1,

is the comparative analysis between experimental, calori-

metric results and calculated results have been done for the

section AuIn–Sb in ternary Au–In–Sb system.

Experimental

The Oelsen calorimetry method, described in Refs. [9–11],

was used for the experimental thermodynamic analysis of a

section in the ternary Au–In–Sb system with a constant

molar ratio of Au:In = 1:1. That method has already

shown good results in the investigation of different ternary

metallic systems, and also some antimony-based ternary

system [12–14].
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According to the requirements of the utilized method,

the total volume of all samples was constant––0.5 cm3,

while their compositions and masses are given in Table 1.

Used metals were of the analytical grade. The water

equivalent for the calorimeter was determined by a standard

method using dissolved Na2CO3 and its value was 3354 J/K.

All experiments were carried out in air atmosphere. The

samples were cooled in the furnace to the room temperature.

Schematic representation of the used Oelsen calorimeter is

given in Fig. 2. The calorimeter is composed of a Dewar

flack with water, a stirrer and a thermometer. It also contains

housing from copper sheet into which the iron holder with the

sample is added, after being heated in a separate oven to the

initial temperature. The temperature of the sample is fol-

lowed with NiCr–Ni thermocouple during cooling and

simultaneously the temperature of the water is measured.

The pair of values of a temperature measurement in the

sample and in the water leads to a point on heat content curve.

Results and discussion

The calorimetric measurements and thermodynamic cal-

culations were carried out in the AuIn–Sb section of the

ternary Au–In–Sb system (Fig. 1).

Based on the cooling curves obtained by calorimetric

measurements, according to the Oelsen procedure [9–11],

temperature changes of the calorimeter were determined for

all samples in the temperature range up to 873 K. According

to this data, the enthalpy space diagram and enthalpy iso-

therm diagram were constructed and presented in Figs. 3 and

4, respectively. (It should be noted that in presented dia-

grams 1 K corresponds to the value of water equivalent).

The basic equation in Oelsen thermodynamic analysis

[9] is given as:

GM
i

T
¼
Z1=T

1=T0

Hx;T d
1

T

� �
¼ R ln ai ð1Þ

where GM
i is i, T0 the starting temperature, T the final

temperature, Hx,T the enthalpy value measured in the

Oelsen calorimeter for the temperature change from T0 to

T, R the gas constant and ai is the activity of the component

i. Further calculation in the thermodynamic analysis was

done based on Eq. 1 and the results of the graphic pla-

nimetry [7], which enabled the determination of antimony

activities, activity coefficients and partial molar quantities

at 873 K. The results are given in Table 2.

Slight negative deviation from ideal behavior for anti-

mony activities can be noticed in whole concentration area.

Negative values for partial molar Gibbs energies of mixing

Fig. 1 The ternary system Au–In–Sb with the indicated section

AuIn–Sb

Table 1 Composition and masses of the investigated samples

Alloy xSb xAu xIn mSb/g mAu/g mIn/g

A1 0 0.5 0.5 0 3.8032 2.2145

A3 0.2 0.4 0.4 0.8693 2.8122 1.6386

A5 0.4 0.3 0.3 1.6169 1.9610 1.1429

A6 0.65 0.175 0.175 2.4158 1.0520 0.6129

A7 0.85 0.075 0.075 2.9678 0.4326 0.2468

Fig. 2 Oesen calorimeter: 1: Dewar flask; 2: water; 3: Beckman

thermometer; 4: stirrer; 5: NiCr–Ni thermocouple; 6: sample; 7:

sample holder; 8: copper sheet; 9: thermal insulation
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and partial molar excess Gibbs energies are obtained for all

investigated alloys.

In order to confirm that fact, the energetics of mixing in

the liquid alloys has been analyzed through the study of

concentration fluctuation in the long-wavelength limit,

Scc(0), connected with the microscopic information on

liquid alloys [15]. The presence of chemical order is

indicated by Scc(0) \ Scc(0,id), while on the contrary, if

Scc(0) [ Scc(0,id), the segregation and demixing in liquid

alloys takes plase. Using the experimental values for

antimony activity presented in this work, Scc(0) at 873 K

was calculated using following equation:

Scc 0ð Þ ¼ 1� xSbð Þ � aSb= oaSb=o xSbð Þð Þ ð2Þ

and mixing behaviour of liquid alloys in the AuIn–Sb

system can be deduced from the deviation of Scc(0) from

Scc(0,id), as shown in Fig. 5.

The calculated values of Scc(0) are almost ideal for the

concentration interval xSb = 0-0,4, while for concentra-

tions in the range xSb = 0,4-1, it can be noticed that

Scc(0) \ Scc(0,id), which indicates to slight negative devi-

ation from ideal behaviour.

Beside the experimental investigation, two different

thermodynamic predicting models, Toop [16] as symmetric

and Muggianu et al. [17] as asymmetric, were used for the

determination of partial and integral thermodynamic

properties in AuIn–Sb system. The basic theoretical inter-

pretations of mentioned models are given as follows:

Fig. 3 Enthalpy space diagram

Fig. 4 The enthalpy isotherm diagram for the temperature interval

350–1,000 K

Table 2 The results of the Oelsen quantitative thermodynamic

analysis at temperature of 873 K (energies in J/mol)

T/K 873 K

xSb aSb cSb GSb
M GSb

E

0 0 – – –

0.2 0.196 0.979 -11836 -154

0.4 0.387 0.968 -6896 -245

0.65 0.618 0.951 -3492 -365

0.85 0.825 0.971 -1397 -218

Fig. 5 The concentacion fluctuacion in the long-wavelength limit,

Scc(0) for the liquid alloys in AuIn–Sb system at 873 K
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(a) Toop model [16]

DGE ¼ x2

1� x1

DGE
12 x1; 1� x1ð Þ þ x3

1� x1

DGE
13 x1; 1� x1ð Þ

þ x2 þ x3ð ÞDGE
23

x2

x2 þ x3

;
x3

x2 þ x3

� �

ð3Þ

(b) Muggianu et al. model [17]

DGE ¼ 4x1x2

1þ x1 � x2ð Þ 1þ x2 � x1ð ÞDGE
12

� 1þ x1 � x2

2
;
1þ x2 � x1

2

� �

þ 4x2x3

1þ x2 � x3ð Þ 1þ x3 � x2ð ÞDGE
23

� 1þ x2 � x3

2
;
1þ x3 � x2

2

� �

þ 4x3x1

1þ x3 � x1ð Þ 1þ x1 � x3ð ÞDGE
31

� 1þ x3 � x1

2
;
1þ x1 � x3

2

� �
ð4Þ

In all given equations, DGE and DGE
ij correspond to the

integral molar excess Gibbs energies for ternary and binary

systems, respectively, while x1, x2, x3 correspond to the

mole fraction of components in investigated ternary

system.

Basic thermodynamic data on the constituent binary

subsystems Au–In, In–Sb, Sb–Au, needed for predicting of

thermodynamic properties in the investigated AuIn–Sb

system, were taken from Cost 531 Database [4] and Ref.

[3]. Characteristic Redlich–Kister parameters for constitu-

tive binary systems are presented in Table 3.

According to Eqs. 3 and 4, and based on starting data

given in Table 3, integral molar Gibbs excess energies

have been calculated for the AuIn–Sb section in the tem-

perature interval from 873 K to 1,673 K. The partial

thermodynamic quantities for antimony were derived using

well known expressions:

GE
i ¼ DGE þ 1� xið Þ oDGE

�
oxi

� �
¼ RT ln ci ð5Þ

and

ai ¼ xici ð6Þ

Obtained results of calculation according to Toop and

Muggianu predicting methods, including DGE and aSb, are

shown in Figs. 6 and 7, respectively.

The comparison has been done between the experi-

mental and calculated results at 873 K, which is presented

in Fig. 8.

It can be noticed that the agreement between experi-

mental thermodynamic data on antimony activities,

obtained by Oelsen calorimetry and calculated by Toop

model, is much better comparing to Muggianu model,

Table 3 The Redlich–Kister parameters for constitutive binary systems according to [3, 4]

System ij Lij
o (T) Lij

1 (T) Lij
2 (T)

Au–In -80027.7 ? 89.7173262T-9.57049T ln T -34977.3 ? 117.293782T-13.0337T ln T 0

In–Sb -25631.2 ? 102.9324T-13.45816T ln T -2115.4-1.31907T 2908.9

Au–Sb -15437.35-4.63455T -18854.1 ? 15.64707T -4271.85

Fig. 6 The results of thermodynamic predicting according to Toop

model in temperature range 873–1673 K: a integral molar excess

Gibbs energies and b antimony activities
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which indicates to the asymmetric behavior of Au–In–Sb

alloys in the investigated section AuIn–Sb. Therefore, it is

expectable to obtain more accurate thermodynamic results

by application of Toop model in the case of mentioned

system.

Conclusions

Comparative thermodynamic analysis of AuIn–Sb system

was done experimentally using Oelsen calorimetry and by

thermodynamic predicting using models of Toop and

Muggianu. Results of the comparative analysis for obtained

thermodynamic parameters showed slight negative devia-

tion from Raoult’s law in the whole concentration range

and fair agreement between experiments and calculation,

especially in the case of Toop method application. Finally,

the presented thermodynamic data for the Au–In–Sb alloys,

compensating a lack of information for these alloys, could

be useful for the further assessment of this system, its phase

diagram determination and interpretation of the phenomena

occurring in multicomponent lead-free system based on

indium [18–21].
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