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Abstract

The thermodynamic properties of the liquid Ag–In alloys were determined using solid oxide galvanic cells with zirconia electrolyte. The
e.m.f.’s of the cells

Re + kanthal, AgxIn(1−x), In2O3//ZrO2 + (Y2O3)//NiO, Ni, Pt
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ere measured in the temperature range from 950 to 1273 K, and in the molar fraction fromxIn = 0.15 to 1.0.
At first, the Gibbs free energy of formation of pure solid indium oxide, In2O3, from pure elements was derived. Using values of the e.m
easured for the cell withxIn = 1.0, the following temperature dependence was obtained:

fG
0
m,In 2O3

(±1000 mol−1 J) = −911570+ 313.10T

ext, the activities of indium were derived as a function of the alloy composition from measured e.m.f.’s. Activities of silver were ca
sing Gibbs–Duhem equation. Also, using Darken’s�-function formalism, activity coefficient of indium at infinite dilution in silver w
alculated. These data taken together with the heat of mixing values which are available in the literature enabled the descrip
hermodynamic properties of the liquid phase with Redlich–Kister polynomial expansion. Finally, the Ag–In phase diagram was re
sing ThermoCalc software. The limiting value of the logarithm of the activity coefficient of indium in silver was also given as a fun

emperature.
2005 Published by Elsevier B.V.
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. Introduction

Under mounting environmental pressure on motor-car and
lectronic industries the necessity of the substitution of solder
lloys containing lead became obvious worldwide. In short

ime three independent projects were created, namely:

NCMS project in the United States in 1994–1997,
IDEALS project in European Union in 1996–99,

∗ Corresponding author. Tel.: +48 12 617 41 25; fax: +48 12 633 23 16.
E-mail address:djendrzejczyk@interia.pl (D. Jendrzejczyk).

• JEIDA and JWES projects in Japan, which ended in
year 2000.

Obtained results let seven groups of alloys be select
potential candidates for the substitution of traditional al
containing lead. It was found that in selected multicom
nent alloys binary Ag–In system takes part as one of the
sible binary contributions. Under COST 531 Action, wh
has developed basic research of thermodynamic proper
lead-free alloys, this particular system has been investig
in our laboratory.

The activities in the liquid silver–indium alloys were m
sured by applying various electrochemical cells.
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Mycielska et al. [1] measured activity of indium at
T= 1000 K using liquid bromide electrolyte. Nozaki et al.[2]
measured e.m.f’s of the cells with liquid iodide electrolytes
and reported activity of Indium atT= 1100 K. In turn Kameda
et al. [3] carried out measurements with two types of cells
using solid oxide and liquid chloride electrolyte. Predel and
Schallner[4] obtained excess Gibbs energy for liquid alloy
and its components using electrochemical cells with chloride
electrolyte. Obtained data were used to calculate activity of
indium at 1050, 1073, 1250 K. Alcock et al.[5] used com-
bined measurements with Knudsen’s cell and mass spectrom-
etry.

They determined activity of silver and indium at 1300 K.
Qi et al.[6] used similar method and gave indium activity at
1300 K. Calorimetric data of Kleppa were obtained at 723 K
[7]. In this way�mixHm of liquid Ag–In alloy was obtained.
Similarly. Castanet et al.[8] obtained�mixHm at 743 K and at
1280 K, Beja and Laffitte[9] at 1028 K,. Itagaki and Yazawa
[10] at 1243 K and Bienzle and Sommer[11] at 1500 K.

2. Experimental

2.1. Materials

Metallic silver was obtained from National Mint in Poland,
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Fig. 1. Galvanic cell assembly.

out from Keithley straight to the computer and consequently
we had very precise control of the e.m.f. change with temper-
ature. The measurements were carried out at increasing and
decreasing temperature for several days.

3. Results and discussion

3.1. Results

In order to determine the indium activity in liquid Ag–In,
the e.m.f. of the cell (I):

Re + kanthal, AgxIn(1−x), In2O3//ZrO2

+ (Y2O3)//NiO, Ni, Pt (1)

was measured in the temperature range from 950 to 1223 K.
For galvanic cell (I) the electrode reactions are:

(a) at the RHS electrode:

3NiO + 6e− = 3Ni + 3O2−

(b) at the LHS electrode:

2In + 3O2− = 6e− + In2O3 (2)

C

3

hile indium was obtained from Fluka AG Germany. Th
ere 99.9999 and 99.99 mass% pure, respectively. In
xide, In2O3, was obtained from POCh, Gliwice and w
9 mass% pure. Closed at one end YSZ electrolyte t
length 50 mm, outside diameter 8 mm) were supplied b
amari, Japan. Indium–silver alloys were prepared from
etals by melting proper amounts of metals in the solid e

rolyte tube during cell heating, argon 99.999 mass%.

.2. Technique

A schematic representation of the cell assembly is sh
n Fig. 1. The tube of the solid zircona electrolyte contai
bout 2 g of metallic alloy of a chosen composition. A sm
mount of pressed In2O3 was placed at the bottom insi
SZ tube. The kanthal wire with welded Re wire tip, k

nside the alumna shield acted as an electric contact with
id metal electrode. The platinum wire was connected t
uter part of the electrolyte tube. A solid electrolyte tube

nserted into an alumina crucible filled with Ni + NiO po
er and sealed inside it with an alumina cement. The w
ell was placed inside the silica tube, which was suspe
n an upper brass head, which closed the tube of a res

urnace. The cell was kept in the constant temperature
f the furnace under a flow of purified argon. The tem
ture inside the cell was maintained constant within±1 K
hich was achieved by using temperature controller Lu

ype RE15. The e.m.f. of the cell was recorded by mean
he digital multimeter Keithley 200. We have program wh
as written in Delphi. Thanks to it, e.m.f. values were r
onsequently, the overall cell I reaction is:

NiO + 2In = In2 + O3 + 3Ni (3)
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Fig. 2. Temperature dependence of the e.m.f.

For the reversible reaction (3), the change in Gibbs free en-
ergy can be derived as follows:

�rG = −6FE = µIn2O3 + 3µNi − 2µIn − 3µNiO

= �fG
0
m,In2O3

− 3�fG
0
m,NiO − 2RT ln aIn (4)

If indium is in its pure, liquid state (aIn = 1.0) Eq.(5) takes
the form:

−6FE0 = �fG
0
m,In2O3

− 3�fG
0
m,NiO (5)

from which we can determine the change of Gibbs free energy
of the reaction formation of pure solid In2O3:

�G0
f,In2O3

= −6FE0 + 3�G0
f,NiO (6)

Thus, from Eq.(6) the Gibbs free energy of formation of the
solid In2O3 �fG

0
m,(In2O3), can be determined fromE0 mea-

sured as a function of temperature against the Ni, NiO ref-
erence electrode. Necessary�fG

0
m,NiO values were accepted

after Charette and Frengas[12].
e.m.f. values produced by the cell(I) in the range of tem-

perature from 950 to 1223 K after the necessary thermo-e.m.f.
Pt-(kanthal + Re)[13] corrections are shown inFig. 2. The re-
sulting linear equations obtained by the least square method,
are presented inTable 1.
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yield the following temperature dependence:

�fG
0
m,In2O3(s)(±1000 J mol−1) = −911570+ 313.10T (7)

Our data, represented by Eq.(8) are shown inFig. 3 and
compared with the already published data[3,14–19]. A good
agreement is found between results of different studies with
the spread of results of the order of 17 kJ, which is about
3% of the measured value. Our results are in good agreement
with those of Chatterji and Vest[15], Chatterji and Smith
[17], Klinedinist and Stevenson[18] and Katayama et al.
[19] while Kameda’s values are bigger and those by Newns
and Pelmore[14] smaller than the results of this study.

Next, by combining Eqs.(5) and (6)the following expres-
sion for the activity of indium in the alloy with silver can be
derived:

ln aIn = 3F

RT
(E − E0) (8)

whereF is the Faraday constant,T is the absolute temperature,
andR is the gas constant.

Then, from the measured e.m.f.’s, the expression for the
partial Gibbs free energy of indium in the alloy can be easily
derived:

�µ̄In = RT ln aIn = 3F(E − E0) = 3F(�a + �bT ) (9)

if the linear dependence of the typea+bT is assumed for
t

py
o

�

a

�

T f
T for
i

At first, from the results obtained for the equilibrium
ween pure liquid indium and indium oxide, the Gibbs f
nergy change for the reaction of formation of In2O3 was de
ived using Eq.(7). The obtained values of Gibbs free ene

able 1
he temperature dependence of the e.m.f. of cell (I) corrected by th
.m.f. (whereσ is a standard deviation ofE)

In E (mV) =a+b·T (K) σ

.0 359.03− 0.0931T ±1.3

.8 375.44− 0.1150T ±0.4

.7 373.10− 0.1185T ±0.5

.6 379.24− 0.1300T ±0.4

.5 376.10− 0.1330T ±0.7

.4 374.78− 0.1443T ±0.2

.3 3550.90− 0.1431T ±0.5

.22 324.94− 0.1474T ±0.5

.15 290.7− 0.1458T ±0.1
emperature variation of the e.m.f.
Finally, using the well know relations, the partial entro

f indium can be obtained as:

mixS̄In = −
(

∂�µ̄In

∂T

)
p

= −3F�b (10)

s well as the partial enthalpy:

mixH̄In = �µ̄In + T�S̄In = 3F�a (11)

hus, having experimentally determinedE as a function o
for various alloys, all partial thermodynamic functions

ndium in the liquid alloy can be calculated.

Fig. 3. Gibbs free energy of formation of the solid In2O3.
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Fig. 4. Activities of components in Ag–In liquid alloys atT= 1200 K.

As an example, the activity of indium in the Ag–In alloys
was calculated at 1200 K and it is shown inFig. 4.

Corresponding activity of silver was calculated fromγ In
Gibbs–Duhem equation. To do this, we derived at first the
activity coefficient of indium at infinite dilution with silver.

We used Darken�-function method[20], which implies
that lnγ In = (1 −xIn)2 plot is linear over certain concentra-
tion range. On this basis we could plot lnγ In versusx2

Ag and

extrapolate this plot to lnγ0
In whenxIn → 0. This is shown in

Fig. 5.
Having the value of lnγ0

In = −3.296 at 1200 K one
may derive lnγAg = f(xIn) at the same temperature using
Gibbs–Duhem relationship:

ln γAg = −
∫ xIn

xIn=0

(
xIn

xAg

)
d ln γIn (12)

The lnγ values versus alloy concentration are shown inFig. 6.
Also, the activities of silver were calculated and are shown
in Fig. 4.

Fig. 6. Composition dependence of lnγ for both components at 1200 K.

In principle, one can calculate all partial functions in this
way. However, since the split of the partial Gibbs free energy
between enthalpy and entropy terms is always uncertain in
electrochemical studies, we followed different approach. It
is based on computer optimisation of thermodynamic data
existing for a liquid phase.

We chose the integral heat of mixing data from the liter-
ature. Calorimetric data[7–9] of Kleppa at 723 K, Beja at
1028 K and Castanet at 723 and 1280 K were chosen. We ac-
cepted indium activities calculated at 1200 K from our own
e.m.f. measurements, together with limiting values of lnγ0

obtained with�-function method. These data were used to-
gether to describe the thermodynamic properties of the liquid
phase.

The results were described with Redlich and Kister equa-
tion [21] and using ThermoCalc software. It is assumed that
the liquid solution phase is described by the disordered sub-
stitutional solution model and its excess Gibbs free energy is
expressed by the following equation:

�mixG
xs = xIn(1 − xIn)

⌊
L0

Ag,In + (1 − 2xIn)L1
Ag,In

+ (1 − 2xIn)2L2
Ag,In + . . .

⌋
(13)

in whichxIn is the mole fraction of indium.
gy of

i

�

C func-
t
l mol.
T d to
b

L

Fig. 5. Relation between lnγ In andx2
Ag at 1200 K.
The expression for the partial excess Gibbs free ener
ndium resulting from this model is:

mixG
xs
In = (1 − xIn)2

⌊
L0

Ag,In + (1 − 4xIn)L1
Ag,In

+ (1 − 2xIn)(1 − 6xIn)L2
Ag,In + ...

⌋
(14)

onsequently, from these equations all thermodynamic
ion in the solution can be determined. ParametersLi

Ag,In are
inearly dependent of temperature and are given in J/
heir values resulting from our calculations were foun
e as follows:

0
Ag,In = −13765.1− 4.803T, L1

Ag,In = −11431.5

−0.031T, L2
Ag,In = −1950.3 + 1.193T (15)



70 D. Jendrzejczyk, K. Fitzner / Thermochimica Acta 433 (2005) 66–71

Fig. 7. Integral Gibbs energy of mixing in the liquid Ag–In system at 1200 K.

In Fig. 4 the activity of indium and silver obtained from our
experiments are compared with the results of the model cal-
culations. Integral Gibbs free energy of the solution calcu-
lated from obtained activities is shown inFig. 7. Also, the
determined from e.m.f’s partial enthalpy and partial entropy
functions of indium are shown inFigs. 8 and 9, and compared
with the model calculations.

The logarithm of the activity coefficients of indium
at infinite dilution was also derived forxIn → 0 from
Redlich–Kister formula obtained after optimisation. It is
given by the following temperature dependence:

ln γ0
In = −3266.8

T
− 0.438 (16)

4. Discussion

Electrochemical method proved to be successful in the de-
termination of the thermodynamic properties of liquid silver

.

Fig. 9. Partial entropy of components in the liquid Ag–In system.

alloys with indium. The reliability of our cell performance
was checked by�fG

0
m,In2O3

measurements of the solid in-
dium oxide. The values obtained for the reaction of forma-
tion of solid indium oxide in this work are in good agreement
with the results of previous studies[15–19]. In the present
experimental temperature range they are all within±17 kJ,
i.e. about 3% of the measured value.

Activities of indium in liquid Ag–In system were deter-
mined by Kameda et al.[3], who used e.m.f. cell identi-
cal with our cell (I). The only difference in the cell con-
struction seem to be stainless steel instead of rhenium tip
we used, and CSZ electrolyte instead of YSZ electrolyte
applied in our cell. Unfortunately, direct comparison of
the results is not possible since equations of e.m.f. ver-
sus temperature dependences are not given in Kameda’s
work.

Another check of experimental results one may do is to
compare the value of lnγ0

In at infinite dilution in different al-
loys. Since Ag–In and Ag–Sb systems are somewhat similar,
one may also expect similar solute behaviour in silver. Indeed,
the comparison of calculated lnγ0 values at 1200 K in these
two systems yields lnγ0

In = −3.16 and lnγ0
Sb = −2.77, re-

spectively. In turn, comparison of the heat of mixing in these
two systems shows that�mixHm in Ag–In alloy is generally
lower than in the Ag–Sb system, i.e. interactions between Ag
and In atoms are stronger than between Ag and Sb atoms.
T ln
v

ed
w ys
l
e ody-
n tions
o -
p .
I gree-
m ancy
b ig. 4)
f cer-
t dif-
Fig. 8. Partial enthalpy of components in the liquid Ag–In system
his is compatible with the results of the comparison ofγ
alues at infinite dilution.

Model calculations for the liquid phase were perform
ith Redlich–Kister formula. Similarly to other silver allo

ike Ag–Bi [22], Ag–Sb[23], Ag–Pb[24], two-termLparam-
ters should give satisfactory description of the therm
amic properties of the liquid phase. Results of calcula
btained withL-parameters described by Eq.(16) are com
ared with experimental data and are shown inFigs. 4, 6–9

t is seen that calculated values are in reasonably good a
ent with the experimental data. The observed discrep
etween calculated and measured activities of indium (F

or high indium content can be explained by high un
ainty of measured values. They are calculated from the
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Fig. 10. Calculated phase diagram Ag–In.

ference of e.m.f’s which is small and this leads to higher
errors (Fig. 4).

Our results obtained for the liquid phase were incorpo-
rated into the COST 531 database, which is being developed
at the University of Brno. Using this database the Ag–In phase
diagram was calculated and is shown inFig. 10. It is demon-
strated that calculated phase diagram resembles closely that
one determined experimentally. The only weak point of these
calculations at present is still inadequate information con-
cerning properties of the solid phases. Thorough literature
search revealed that there is only one study concerning solid
phases. Masson and Pradhan[25] determined activities of
indium in the solid solution with silver using atomic absorp-
tion. No experimental data can be found for theζ-phase. Thus,
one cannot be sure if the existing discrepancy in the phase
relations between calculated and experimentally determined
phase diagram is due to the inadequate description of the liq-
uid phase or it is a result of the missing information about the
stability of the solid phase.

Concluding, it seems that our e.m.f. technique is precise
enough to be safely used in the investigations of the liquid

solutions of the higher order systems containing silver and
indium.
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