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a  b  s  t  r  a  c  t

The  molar  enthalpies  of  mixing  of  the  Au–In,  In–Sb  and  Au–In–Sb  alloys  have been  determined  at
973  K  using  a Calvet  high-temperature  microcalorimeter  by the drop  method.  Measurements  in  the
ternary system  Au–In–Sb  were  performed  along  four  sections,  xAu/xIn =  1/3–1/1  and  xIn/xSb = 1/1–3/1.  The
experimental  calorimetric  data  and estimated  values  with  a  Redlich–Kister–Muggianu  formulation  are
compared.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, substantial efforts were made to develop
lead-free solders that are suitable substitute for classic tin–lead
eutectic solders. Despite numerous studies already conducted,
there are only a limited number of reports on the research and
development for high temperature lead-free alternative solders.
High-temperature lead-free solders are needed for both the elec-
tronics and automobile industries. Unfortunately, limited choices
are available as high temperature solders. Gold-based alloys are
known for good mechanical and thermal properties, as well as cor-
rosion consistency and can be considered as potential candidates.
Among these systems, the Au–In–Sb ternary alloys may  be taken in
consideration.

In order to predict the interface reactions between In-based sol-
ders and Au-substrate, knowledge of thermodynamic behaviour
and phase diagram of the ternary Au–In–Sb system is essential.

As no direct measurement of the thermodynamic functions of
mixing of this ternary system is available in the literature, the
main purpose of this study is the determination of the enthalpies
of mixing of the liquid phase in the ternary system Au–In–Sb at
973 K. The measurements were performed along four sections,
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xAu/xIn = 1/3–1/1 and xIn/xSb = 1/1–3/1 that require knowledge of
the enthalpies of mixing for the two  limiting Au–In and In–Sb binary
systems.

2. Bibliographic survey

2.1. The binary systems

2.1.1. Au–In system
Several thermodynamic investigations of Au–In alloys have

been reported in the literature. Kameda et al. [1] determined
thermodynamic activities of In in liquid Au–In alloys by e.m.f.
measurements in the temperature range 973–1223 K. Predel and
Schallner [2] used the same method to determine the partial molar
free enthalpy of zinc in ternary Au–In–Zn alloys and obtained
the excess values of liquid Au–In alloys by extrapolation. Béjà [3]
measured the enthalpy of mixing at 873 and 1028 K by direct
reaction calorimetry. Itagaki and Yazawa [4] performed measure-
ments of heats of mixing by adiabatic calorimetry at 1373 K.
Kleppa [5] determined the molar heats of formation of gold–indium
alloys by tin solution technique at 723 K in the liquid range
0.02 < xAu < 0.16.

Castanet et al. [6] determined the enthalpies of mixing of
liquid Au–In alloys, between 720 K and 1300 K, by using a high
temperature Calvet-type calorimeter, and the activities of indium
in liquid gold–indium alloys by e.m.f. method between the liquidus
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temperature and 973 K. The calorimetric results of Castanet et al.
[6] are more exothermic than those of Kameda et al. [1] and Itagaki
and Yazawa [4].

Gather and Blachnik [7] built a heat-flow calorimeter and made
some measurements at 900 K to test it. Their minimum value of the
enthalpy of mixing lies between the results of Béjà [3] and Castanet
et al. [6].

The data of Castanet et al. [6] and Béjà [3] show that the
enthalpies of mixing of Au–In alloys are temperature dependent.
They deduced from their data, the CpE = (∂�mixHm)/∂T values that
are positive and pass through a maximum at about xAu = 0.55. Cas-
tanet et al. [6] show that CpE decreases with increasing temperature
indicating strongly the existence of associates in liquid alloys which
dissociate with increasing temperature.

The thermodynamic functions were assessed by Ansara and
Nabot [8],  and Liu et al. [9].  The calculated enthalpies of mixing
of liquid Au–In alloys obtained by both the descriptions are similar
and show the same dependence on temperature.

2.1.2. Au–Sb system
The liquid Au–Sb alloys have been studied between 973 K and

1073 K by Kameda et al. [1] using the e.m.f. method and by Hino
et al. [10] by vapour-pressure measurements between 1273 K and
1473 K. The enthalpies of formation deduced from both methods
are in good agreement. However, the enthalpies of formation
obtained by Béjà [3] using the direct-reaction calorimetry at
923 K are very different from these two previous authors. Anres
et al. [11] have also measured the enthalpies of mixing at 916 K
and Hayer and Castanet [12] between 906 K and 1028 K using
calorimetric method. The data of both these investigations are in
good agreement with each other only in the rich part of antimony,
between 0.5 < xSb < 1. Hayer and Castanet [12] found out that the
Béjà’s enthalpy data were in fair agreement with their results and
considered the enthalpies derived by Kameda et al. [1] and by Hino
et al. [10] as erroneous probably because they come from indirect
methods. Larger uncertainty may  exist in such deduced values of
the enthalpy of mixing compared with the data obtained directly
by using calorimetry.

Unfortunately, the assessment given by Okamoto and Massalski
[13] was based on the data of Kameda et al. [1] and Hino et al.
[10]. New optimizations were carried out subsequently by several
authors [14–17].  Only Liu et al. [16] considered the temperature
dependence of mixing enthalpy of the liquid phase. Although the
improvement is not very noticeable in the phase diagram of Au–Sb
binary system, Liu et al. [16] considered that the temperature
dependence is more thermodynamically reasonable.

2.1.3. In–Sb system
For this system, the calorimetric investigations were carried

out by several authors: Wittig and Gehring [18] by using the liquid
tin solution calorimetry at 973 K; Yazawa et al. [19] used a new
adiabatic calorimeter to achieve measurements at 946 K. A heating
process method was developed by Itagaki and Yazawa [20,21] to
measure the enthalpy of mixing.

A high-temperature calorimeter was used by Predel and Oehme
[22], Oehme and Predel [23] at 953 K and Rosa et al. [24] at various
temperatures between 957 K and 1184 K. The data of Rosa et al.
[24] show that the enthalpies of mixing of In–Sb alloys increase
with increasing temperature.

The thermodynamic assessment of In–Sb binary system was
performed by Ansara et al. [25] and agreement was  obtained
between the calculated values and experimental data for ther-
modynamic properties and phase relations, respectively. Liu et al.
[16] re-optimized this system, while keeping the parameters of
the liquid from Ansara et al. [25]. In both cases, the temperature
effect is taken into account.

2.2. Au–In–Sb system

Few experimental calorimetric data concerning the ternary
Au–In–Sb system were available. The only existing investiga-
tion was carried out by Gomidzelovic and Zivkovic [26] that
relate a study using Oelsen calorimetry at 873 K. Applying the
predicting methods of Toop and Muggianu in the temperature
range 873–1673 K, they determined the thermodynamic properties
in the AuIn–Sb section.

In a second study, Gomidzelovic et al. [27] used Chou’s general
solution model to predict the thermodynamic properties of
the Au–In–Sb system in a wide temperature range from 873 to
1673 K. In a third study, Gomidzelovic et al. [28] have calculated the
enthalpies of mixing for three sections with Au/In molar ratio equal
to 1/3, 1/1, and 3/1 using derived form of the Gibbs–Helmholtz
equation.

The equilibrium phase diagram of this system has been the sub-
ject of many experimental investigations especially by Nikitina and
Lobanova [29], Babitsyna and Luzhnaya [30], Kubiak and Schubert
[31], Tsai and Williams [32] and by Gomidzelovic et al. [33]. On the
basis of the constituent binary systems, the Au–In–Sb system was
assessed by Liu et al. [16].

3. Experimental procedure

The determinations of the enthalpies of formation of liquid Au–In, In–Sb
and  Au–In–Sb alloys were performed at 973 K using a Calvet high-temperature
microcalorimeter with an experimental set up described elsewhere [34]. The nature
of  the crucible depends on the reactivity of the liquid metals and alloys: during these
measurements, pure graphite crucibles were employed. A small flow of high-purity
argon, [O2] < 2 ppm (Argon Alphagaz from Air Liquid Company) is maintained during
experiments.

High purity metals: Au (4N) wire from Engelhard C.L.A.L. (Comptoir Lyon Ale-
mand Louyot) and Sb (5N) shot and In (6N) shot from Alfa Aesar, were employed
in  this study. Measurements were performed by the direct drop method [35]. The
Au–In and In–Sb binary liquid alloys were formed by multiple successive additions
of a lot of pieces of gold or antimony into the liquid indium at experimental tem-
perature. The ternary alloys were synthesized by additions of samples of gold or
antimony into the liquid InxSb1−x or AuxIn1−x alloys respectively.

Enthalpy contents of elements Au and Sb were taken from compilation of Hult-
gren et al. [37].

The calorimeter was  calibrated at the end of each experiment by dropping
small pieces of �-Al2O3 from N.I.S.T. [36] from the ambient temperature into the
experimental crucible.

The standard deviation of the calibration is about 0.1% and the uncertainty in
the enthalpy of formation is estimated to be 5%.

Considering the high vapour pressure of Sb at the experimental temperature
(5.9 × 10−4 atm at 973 K), one would expect a significant loss in mass during the
experiment. It can be noticed however that, after dissolution into the bath, the Sb
vapour pressure is strongly decreased by the alloying process. The ingots weighed
after experiment revealed a mass loss of about 3–6 mg for a final mass of the ingot
ranging from 1000 to 1600 mg. Assuming the maximum loss in Sb of 6 mg,  the uncer-
tainty calculated on the final Sb molar fraction (�xSb/xSb) of the ingot is estimated
at  about 2.7%.

4. Results and discussion

4.1. Binary systems

4.1.1. Au–In system
The enthalpies of formation of Au–In alloys have been deter-

mined at 973 K over the composition range 0 < xAu < 0.55. Results
were referred to undercooled liquid gold and liquid indium with
a heat of fusion for gold of 12.27 kJ mol−1 at 973 K [37]. All exper-
imental results are recorded in Table 1. The measured enthalpies
are adequately represented by the expression:

�mixH◦
m (J mol−1) = xAu(1 − xAu)(−42901.38 − 49483.16xAu)

The molar enthalpies are exothermic over the entire investigated
composition range with a minimum located at xAu = 0.60 and
�mixH◦

m = −17, 422 J mol−1.
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