Measurement of Activity of Indium in Liquid Bi-In-Sn Alloys by EMF Method Chapter: 3

3.1 Introduction

Lead-tin base solders have long been the most popular materials for electronic
packaging because of their low cost and superior properties required for
interconnecting electronic components. However, the toxic nature of lead and the
increasing awareness of its adverse effect on environment and health have led to the
pressing need for development of lead-free solders in recent years. Concern about the
use of tin-lead solders in the electronics industry stems from occupational exposure,
lead waste derived from the manufacturing process, and the disposal of electronic
assemblies. It is now widely agreed that the main component of new lead free solders
will be tin (e.g., Sn-Bi, Sn-In, Sn-Bi-In). One of the disadvantages of the above solder
alloys is their higher melting point compared with the traditional tin-lead solders.
Which creates some problems for the electronics industry; for one thing, the soldering
processes would have to be adapted to higher temperatures; for another, all electronic
devices, including the printed circuit boards, would have to be manufactured to
withstand such higher soldering temperatures.

Thus it is quite serious and urgent reduce the melting temperature of the lead-free
solder materials by alloying with additional elements, e.g. indium (mp 156.6°C) as in
the Bi-In-Sn system) Thermodynamic data are of great importance for the accurate
calculation of phase diagrams, for the development of a lead-free solder database, for
the design of new lead-free solders, and for the prediction of physical and chemical
properties of lead-free solders, such as surface tension and viscosity. Therefore, it is
necessary to study the thermodynamic properties of the ternary Bi-In-Sn system.
Increased international demands and strong competitions make it necessary for the
microelectronics and supporting industries to go for miniaturization of the product and

produce more functional and reliable electronic products, economically. At the same
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time, there is a serious concern of removing toxic elements, such as lead, from the
electronic products. The classic lead-tin solder has been the unique solder materials for
many years in these industries.

It has been a great challenge to develop lead-free solders that can be a suitable
replacement for the conventional lead-tin eutectic solders. Simultaneously, there are
strong demands for solders from various sectors like, avionics, automotive, military and
oil exploration industries. Mostly, Properties related to manufacturability and reliability
should be the initial criteria for the evaluation of lead-free solder candidate. The
properties of the lead-free solders to be evaluated are: toxicity, cost, solidus
temperature, oxidation resistance and flux compatibility. It has been observed that tin
based alloys can satisfy the initial criteria to qualify for the high temperature lead-free
solders. The exact determination of solidus and other physico-chemical properties will
depend on the knowledge of phase equilibria and thermodynamic properties. So, the
accurate determination the thermodynamic properties of the tin based ternary and
higher order systems are very important.

The systematic thermodynamic investigations of multicomponent alloys are very
important from the practical, scientific and technological point of view. The needs of
physical and chemical data on the multicomponent solution have been growing
enormously to develop new materials. Several objectives are achieved by the
thermodynamic assessment of the multicomponent solutions. In the first place, they
assist in the thermodynamic analyses of various metallurgical processes in which the
multi component solutions take part. Second, thermodynamic data are required to
ascertain the condition of the equilibrium between different phases. Third,
thermodynamic data along with electrical, magnetic and X — ray investigations are

essential to obtain a deeper insight into the constitution of a metallic system. The Bi -In
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- Sn ternary system is one of the multi-component liquid alloys formed with low
melting metals (Bismuth, indium, tin and lead). These alloys are always characterized
by the low enthalpy of formation and no intermetallic compound. So the ternary Bi-In-
Sn is used as one of the lead-free solder alloys.

3.2 Literature review

The phase diagram and thermodynamic properties of binary systems related to this
ternary system are available in literatures [Boa (1998) and Seltz (1942)]. The
thermodynamic properties of the In-Sn binary system were systematically studied by
Vassiliev et.al. [Vassiliev et al. (1998)] in the temperature range of 636-820 K by the
electromotive force measurement technique. The activity of the both components
shows slightly negative deviations from Raoult’s law in the complete range of
composition.

Partial molar thermodynamic quantities of In and Bi in (xIn + (1 - x) Bi) (I) and excess
thermodynamic propertied for the range of 673 to 873 K were measured by the emf
technique using the concentration cells [Gregorczyk et al. (1981)]. The activities and
relative enthalpies of tin and bismuth in their liquid alloys have been measured from
electromotive force studies by Seltz and Dunkerly [Seltz and Dunkerley (1942)].
Behera and Shamsuddin [Behera and Shamsuddin (2009)] have determined the activity
of zinc in the Zn-Sn-Ga system by EMF method in the temperature range 723-823 K.
EMF measurements on the system In-Zn-Sn have been carried out by [Behera and
Sonaye (2013)] in the temperature range 75 -853 K over three different sections.
Torsion—effusion (T.E.) and Differential Scanning Calorimetry (DSC) techniques have
been used to measure the Bi activity and mixing enthalpies in Bi-In-Sn system by
Brunetti et al. [Brunetti et al. (2006)]. They have reported that the ternary system at

fixed Bi composition, xgi = 0.20 at 565 K behaves as a non-ideal system with
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exothermic Amix H7 having a minimum at x,, = 0.58 and xs, = 0.22. The temperature of
phase transition and enthalpy of melting of 29 different alloys from the Bi-In-Sn
system were investigated by [Witusiewicz et al. (2007)] using DSC. Thermodynamic
descriptions for the ternary systems Bi-In-Sn, Bi-In-Zn, Bi-Sn-Zn and In-Sn-Zn were
optimized using CALPHAD method and combined to obtain a description of the
quaternary Bi-In-Sn-Zn system by Moleans et al. [Moelans et al. (2003)]. Partial and
Integral quantities as well as the activity and the excess Gibbs free energy of the ternary
Bi-In-Zn system have been determined at 873K with the emf method at liquidus
temperature and 973 K [Knott et al. (2010)].

From the literature survey we observed that no investigations on In-Sn-Bi system has
been carried out using electrochemical measurement technique and very limited data on
thermodynamic properties is available in the literature so, this chapter describes the
electrochemical study of Bi -In-Sn ternary metallic system in the liquid phase and
utilizes the Darken’s method to determine the integral and partial molar free energy,
heat and entropy of solution. The thermodynamic properties of Indium along different
cross sections in the ternary fields in the Bi-In-Sn system were evaluated from the
measured data. Various excess molar and excess partial molar thermodynamic
properties of the three components were computed at 813 K.

The aim of this study is to measure the activity of indium along constant Xgi/Xs, ratios
of 0.5, 1 and 2 by EMF technique using molten salt electrolyte in the temperature range
of 723-855K. The activity of tin in Bi-Sn binary system is also measured by same
technique in the same temperature range. Various thermodynamic properties are
calculated using Darken Treatments for multicomponent solutions from the measured
activity of In in Bi-In-Sn system and thermodynamic properties of Bi-Sn binary

system. Isoactivity of indium and isoexcess free energy in Bi-In-Sn system are plotted
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at 813 K. The ternary excess free energy will be calculated from the activity data using
Darken’s treatment of ternary systems. The calculated ternary excess free energy will
be compared with the theoretical model assessment. The ternary excess free energy
surface will be presented to demonstrate the orientation of the stability of phases in the
ternary systems at 813 K. An effort were made to compare the excess molar free energy
between Muggianu model and this study at 813 K for Big33Snos7-1n alloy.

3. 3 Experimental

3. 3. 1 Electrochemical Measurement

The activity of In in the liquid Bi-In-Sn system was determined in the temperature
range 723-855 K by measuring the reversible open circuit electromotive force (emf) of

the following electrochemical cell:
In (1) | LiCl — KCI + 5 wt. pct InCI | In (Sny Bizy) 15 (1) «oovvvvveeeennnn, (3.1)

The compositions of the ternary alloys were selected for different sections as Inx (Sny
Bi1y) 1x, Where y = 0.33, 0.50 and 0.67 and x = 0.1, 0.3, 0.5, 0.7 and 0.9 as shown in
Figure 3.1. The electrolyte used for this study consists of eutectic mixture of LiCI-KClI
containing 5 wt. % InClI. A cell assembly made of BOROSIL glass containing six lower
limbs (6 mm internal diameter each) below a tubular electrolyte compartment (60 mm
internal diameter) was used in this investigation. At the bottom of each limb, an
electrode contact wire of tungsten (0.4 mm diameter and 20 cm length) was sealed. The
preparation of electrolyte, design of the cell assembly and experimental techniques of
equilibrium measurement of the cell emf has been described in detail in Chapter 2. The
experiments were performed in three steps involving different compositions of
(Sno33Bios7)1x Ink liquid solutions. The first step involved compositions and x = 0.1,

0.3, 0.5, 0.7 and 0.9. In the second step, (SnosoBios0)1-x 1INk and x = 0.1, 0.3, 0.5, 0.7 and
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0.9 and third step involved (Snge7Bio33)1x Ink and x = 0.1, 0.3, 0.5, 0.7 and 0.9. In all
the three cases, pure indium was used as a reference electrode in one of the six limbs
and rests of the five limbs contained the ternary alloys of different compositions. The
emf of the galvanic cell was measured during heating as well as cooling cycles.
Investigations on each composition were repeated to check the reproducibility of the

results.
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Figure 3.1 Composition selected for activity measurement

A maximum weight of 3 gm was decided and the weights of the individual components

were calculated based on the mole fractions. These are reproduced in Table 3.1
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3.4 Results and discussion
3. 4.1 Activity of indium

The net cell reaction in the galvanic cell (3. 1) is be represented as follows:
In(pure) — in (IN Bi-IN-SN) .. (3.2)

The activity of Indium in the Bi-In-Sn system was calculated from the equation (1.12).
The reversible emf values, measured in the temperature range 723-855 K, are listed in
Table 3. 2. The variation of emf a function of temperature for fifteen different
compositions was calculated by the least square method and is presented in Table 3. 2
in the form of a linear equation (E = A + BT). The error limit shown in the Table 3.2
and Figures 3.2a, 3.2b and 3. 2c are the maximum deviations from the average value of
cell emf from two independent runs.

From the emf values measured at different temperatures presented inTable 3.2, activity
of Indium in Bi-In-Sn liquid alloys was calculated from equation (1. 15) and the
calculated values are listed in Table 3.5 The corresponding values of the activity
coefficient of Indium (yn) calculated from equation:

a

In
7/|n T T N (3. 3)
Xln
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Table 3.3 Galvanic cell electromotive force E (millivolt) at different temperature T for Bi-
system
Xsn EMF(mV)
723 K 773 K 813 K 855 K

0.897 | 3.212(+0.098) | 3.428 (£ 0.101) | 3.598(+0.108) | 3.883(+0.115)

0.758 | 8.295(+0.253) 8.921(+0.31) 9.405(%0.329) 10.003(+0.349)

0.705 | 10.701(+0.412) | 11.440(+x0.457) | 12.051(+0.482) | 12.647(+0.507)

0.599 | 15.200(+0.684) | 16.290(+0.73) 17.221(+0.775) | 18.154 (+0.820)

0.501 | 21.186(0.857) | 22.776 (£1.133) 23.988 (£1.199) | 25.295(+1.265)

0.405 | 27.417(x1.453) | 29.437(x1.608) 30.993(+1.705) | 32.622(+1.801)

0.297 | 37.230(+1.263) | 40.07(+1.568) | 42.222 (+1.667) | 44.302(+1.449)

0.199 | 49.595(+1.726) | 53.102 (+1.986) | 56.043(¥1.994) | 59.200(+1.895)

0.106 | 68.952(+1.986) | 73.852(+2.123) | 78.112 (+2.45) | 82.060(+2.394)

Table3.4 Activity for Bi-Sn system
Xsn dsn
723 K 773 K 813 K 855 K

0.897 | 0.902(+8.8x107) | 0.902(+8.8x107) | 0.902(+8.8x10™) | 0.900(+8.8x107)
0.758 | 0.766(xx107) 0.765(xx107) 0.765(+xx10) 0.762(+x10™)
0.705 | 0.709(+x10™ 0.709(+x10™) 0.709(+x10™) 0.709(+x10™)
0.599 | 0.614(xx107) 0.613(xx107) 0.612(+x107) 0.611(+xx107)
0.501 | 0.507(xx107) 0.505(xx107) 0.504(+x10) 0.503(xx10)
0.405 | 0.415(xx107) 0.413(xx107) 0.413(+x107) 0.412(+x10
0.297 | 0.303(xx107) 0.300(xx107) 0.300(+xx10) 0.300(xx107)
0.199 | 0.203(xx107) 0.203(xx107) 0.202(+xx10) 0.200(xx10)
0.106 | 0.109(xx107) 0.109(xx107) 0.108(+xx10) 0.108(xx10)

®sn is the mole fraction of tin and as, is the activity of tin. Pressure
(P) =999 hPa. Standard uncertainty u (P) = 2hPa, u (T) = 1K and u (Xsn) = 0.001.
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Xin, Xgi, Xsn 1S the mole fraction of indium,bismuth and tin respectively in the ternary

alloys.
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are also presented in Table 3.6 at different temperatures and represented in the form of
linear equation. The activity and activity co-efficient both decrease with increase of
temperature. Activity as a function of composition at a given temperature of 813 is
presented in Figure 3.3 The activity of indium in In-Sn-Bi alloys shows negative
deviation from Raoult’s law for most of the compositions and slight positive deviations
for a few indium-rich compositions. The plot exhibits strong negative deviations from
Raoult’s law for the two of the ternary sections (Xsp/Xgi = 1 and 2). The values obtained
for the third ternary section (Xsn/xgi = 0.5) are not interpretable due to attainment of
equilibrium reflected from the unstable emf values. The negative deviation from the
Raoult’s law clearly indicates that there is attractive interaction between In, Sn and Bi
atoms.

The isoactivity curves of indium in liquid Bi-In-Sn alloys were derived from the
activity values for liquid Bi-In and In-Sn alloys as the starting and ending points and
the experimental results for the ternary alloys are used. From the smoothing of curves
of an vs X, plots in each binary and ternary system, the alloy compositions
corresponding to the activity values of the every one tenth were read. The isoactivity
curves at 813K are shown in Figure 3.4. Each curve in ternary alloys region represents
that near In-Bi line deviation from ideality is highly negative and near In-Sn curve, it
shows approximately ideal behavior. The solubility of indium in the ternary alloy
increases with the addition of indium. There is no chance of phase separation in the
indium rich alloys. Which indicates the tendency of clustering of In and Bi in the

second nearest neighborhood.
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Bi Sn

Figure 3.4 Iso-activity lines of Indium in the Bi-In-Sn liquid alloys at 813K
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3.4.2 Integral molar excess free energy in In-Bi-Sn at 813K

The Darken’s treatment [Darken (1950)] has been found suitable for the computation of
ternary molar excess free energy from the measured activity of In over the ternary field
in Bi-In-Sn system. The excess molar free energy of the solution has been obtained
from equations (2.16) by graphical calculation. For the ternary excess molar free
energy, it is essential to plot G5/ (1-xin) ? as a function of x;, and the integration
constant ([G;_sn] xeinsn) 1S calculated from the EMF values measured at 813K and is
presented in the Table 3.7. The experimental data (Table 3.4) are plotted in this manner
in Figure 3.6 which show this function for Indium in each of the five ternary sections
:solutions: (A) InBirx (B) Ing-(Bips7SNos3)1x (C) Ing -(Bioso Snoso)ix (D) INk-(Bipas
Sno.67)1x (E) Ing-Snyx.

The excess molar free energy values for the Indium —Bismuth and Indium — Tin binary
systems have also been taken from literature [Vassiliev et al. (1998), Boa (1998)] by
extrapolation of EMF values at 813K. The G* values obtained by equation (2.19) for
five binary (pseudo-binary) systems are presented in Table 3.9, 3.10 and 3.11.The G*as
a composition of In is shown in the Figure 3.7. 1so molar Gibbs free energy graph was
plotted trough extracting data for G* values( i.e. -0.2, -0.9,-1.6 and -2.3 KJ) from G*®vs

Xin, G*® vs xgi and G vs xs, plots. G* vs xg; and G*® vs xs, plots were obtained by

following procedure:

1. Three sections at constant Xso/X;n = 2, 1, 0.5 were drawn from the bismuth

corner of the ternary triangle along which indium composition varies.

2. These three lines intersected the experimental lines at various compositions.

Those compositions were calculated with respect to indium compositions.
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3. With the help of the equation (2.16), the ternary excess free energy was
calculated for that composition. Similarly, the ternary excess molar free energies for the
other composition were calculated along all three sections. Since, along each section,
the composition of the bismuth varies, we can have the variation of ternary excess free

energy as a function of bismuth composition. We can plot the G* as function of xg;.

4. The same procedure can be followed to obtain the Gxs as function of xs,. Now,
we have three diagrams of G as function of xgi, G* as function of xs, and G* as
function of x;,. The G* data are extracted from these three diagram for the values of -

0.2,-0.9,-1.6 and -2.3 KJ at 813K and plotted in the Figure 3.5.

From the Figure 3.5, it is observed that the negative values of excess free energy are
predominant inside the ternary triangle i.e for most of the compositions. It could be
inferred that there is strong interactions among the indium, tin and bismuth atoms in the

solutions.

Calorimteric and Electrochemical Measurements of Binary and Ternary Alloys of Indium, Tin and
Bismuth



Measurement of Activity of Indium in liquid Bi-In-Sn Alloys by EMF Method

3

1
(]
=
Q.
1]
L=
O]

60
LE€19€°0 28650 8TTSE0 28010 S90€E€°0 T8T2E0 80¥TE0
L0
92026°0- 85968°0- 90%798°0- T2.€8°0- £€9¥8°0- TTV6.0- £966.0-
S0
9¥89G'T- GBOTS'T- 2188’1 VOTEY' T- LGC6E'T- TTT9ET- 8T.L6ET- ¢
€0
T.692°C- 80SSE'C- 6TEYY C- ¥€.25°C- 88515 6T.L6V'C- €16eSC-
T0
89/96'T- 9¥8¢0°¢- ETT8T ¢~ GCIST' ¢ 0T9TT ¢- Stvlc' ¢ 8¢ELEC-
GG8 €€8 €18 68L 192 Sy €cL 18X/ HIx
(M) sanyesadwa | *uj *1(eeE01gLoous)
60
T9S0¥'0 S688€°0 T298€°0 625.€°0 €879€°0 9E¥SE’0 ZTPPe0
L0
€72.0°0 15620°0 98820°0 0€600°0 70600°0 0S000°0- ,0820°0-
S0
LYSTS'T- €1295°T- 770T9°T- 1S6.S°T- 876T9'T- 8EETI'T- 00..S°T- T
€0
677Sh"9- 28SP€9- 6S779€°9- 0T9TE 9- 8¢.T2°9- S96.0°9- 1600'9-
T0
TPE90'TT- T/2v. 0T~ ZT185°0T- 6v287'0T- ST602°0T- 00TE00T- 0€970°0T-
SS8 €€8 €18 682 292 Sy €2l 18X/USX HIx
(M )aanresadwa | XU *1(0501gosoug)
60
8ETTE0 2S80€°0 26€62°0 928120 T.€92°0 ¥G6¥2°0 196€2°0
L0
158981~ €€509'1- 9€809 - Z8ESY - 69TTE ¥~ 0EYYC - SELLT V-
. S0
280ELTT- 8LV/STT- GESCCTT- L6€68°0T- 8S.6%°0T- 0080€°0T- €098T°0T- 50
€0
G2S08'TT- 67TOS'TT- 60T TT- 78628°0T- 0v€SS'0T- 029/2°0T- C0E6T 0T~
T0
¥E€92T'8- T,..68°L- 659€9°2- G289’ L- 96S0€°.L- 20S.0°2- 18/86°9-
S98 €€8 €18 682 192 SvL €cL 18X/ HIx

> aanjedadwa |

Xy *T( L20jgeeoug)

Wig1sAs 1g-uUs-uj Jo ABJaus aal) SS8aXa [eled :/°S 9|qel

Tin and

Calorimteric and Electrochemical Measurements of Binary and Ternary Alloys of Indium

Bismuth



Measurement of Activity of Indium in Liquid Bi-In-Sn Alloys by EMF Method Chapter: 3

Table 3.8 Free energy function of Indium for Bi-In-Sn alloys at 813K

(SnoasBios7)1x INk | Xsn/Xsi = 0.5

G/ (L-xin)*(KJ)

Xin -9.420882978
0.1 -22.72397703
0.3 -44.78255101
0.5 -51.18715728
0.7 29.0451615
0.9 -9.420882978
(Sno.s0Bio.s0)1-x Nk
0.1 XsnfXgi = 1 -13.06787297
0.3 -13.05031818
0.5 -6.448952364
0.7 0.277494152
0.9 38.4866251
(Sno67Bio.33)1x INk
0.1 Xsn/Xgi = 2 -2.696137445
0.3 -4.99655077
0.5 -5.836899177
0.7 -9.569344507
0.9 37.12887009

Table 3.9 Integral excess molar thermodynamic quantities of Bi-In-Sn

alloys at 813K along constant isoplathes.

GXS
Xin
Xsn/Xgi = 0.5 Xsn/Xgi = 1 Xsn/Xgj = 2
0 0.277307 0.343664 0.339705
0.1 -0.57992 -0.86721 0.114467
0.3 -2.52457 -2.6724 -0.57599
0.5 -5.15882 -2.87239 -0.88705
0.7 -6.201 -1.96396 -1.07722
0.9 -2.50167 -0.35349 -0.22398
1 0 0 0
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Figure 3.5 Iso Gibbs free energy curve Bi-In-Sn ternary alloy
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Gibbs free energy model [Moelans et al. (2003), Malakhov et al (2000) Muggianu
et al. (1975), Boa and Ansara (1998) and Liu et al. (2001)].

In this model, the excess molar free energy of ternary solution has been calculated by
using binary interaction parameters and ternary interaction parameters. The excess
Gibbs free energy for the present system has been calculated by using equation (2.18)

and its used form for current system is given below.
XS — 2
G* = xBixIn(OLBi_m + (xpi — xln)lLBi’,n + (xpi — Xn) 2LBi‘1n
3
+ (xpi — ) 3L3i,1n) + xBixSn(OLBiISn + (xp; — xSn)lLBi‘Sn)
+ xlnxSn(OLm,Sn + (g — xSn)lLln,Sn)

+ xlanixSn(I 35

Table 3.12 Interaction parameters for In-Bi, In-Sn and Bi-Sn binaries at 813K

Bi-In Bi-Sn In-Sn
OLBi.In 1LBi,1n 2LBi,1n 3LBi,In OLBi,Sn 1LBi,Sn OLIn,Sn 1Lln,5n
-7470.20 | 1063.31 | -128.16 | 620.13 | 1278.61 | -221.055 | -2087.73 | -1169.02

Table 3.13 Interaction parameters for Bi-In-Sn System

L|n LBi I—Sn

15234 | -1016 | 6051

After sustituting the values from Table (3.12) and Table (3.13) in Equation (3.4), molar
excess Gibbs free energies for the section xsp/Xgi = 2 at 813 K is obtained and these
values are compared with experimental values in Figure 3.8. It is observed from the

Figure that the experimental values are in good agreement with the theoretical model

Calorimteric and Electrochemical Measurements of Binary and Ternary Alloys of Indium, Tin and
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values. So we could infer that the theoretical models based on the binary data may be

used for the ternary thermodynamic properties.

Table 3.14 Comparison of Model values vs experimental values

. G™5(KJ)
Experimental values | Theoretical Values
0 0.33970 0.33970
0.1 0.11447 -0.20187
0.3 -0.57599 -0.85917
0.5 -0.88705 -1.18292
0.7 -1.07722 -1.15079
0.9 -0.22398 -0.59076
1 0 0
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Figure 3.8 Comparison of excess molar free energy between theoretical model and this

study at 813K for (Sng67Bip33)1x INx
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