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Abstract - In this study, the mixing heat effect of molten binary In-Sn system is determined at 730, 830 and 930 K by drop 

calorimeter over the entire range of indium. Dropping element was dropped by an automated motorized dropping device. 
Subsequently for Calibration of calorimeter four pieces of α-Al2O3  were dropped at the dropping temperature. The mixing 
heat effect (enthalpy of mixing) were plotted against In composition and found exothermic in nature for all the compositions. 
A significant minimum enthalpy of mixing was observed at Xin ~0.65. A slight temperature dependency has been observed. 
Binary interaction parameter at 767, 813 and 855 K was calculated from mixing enthalpy using Redlich-Kister polynomial. 
The experimental values are compared with the calculated from  Redlich-Kister Polynomial. They were found to be in close 
agreement.  
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I. INTRODUCTION 

 
Although Pb-Sn solders are widely used in electronic 

interconnections of electrical circuit inside electronic 

equipment but it is toxic due to presence of lead. For 

that development of Pb-free solders is urgently 

required due to potential legislation which would ban 

or restrict the use of Pb in view of the environmental 

and health issues concerning its 
toxicity.Thermodynamic data are of great importance 

for the development of a lead-free solder database, 

for the design of new lead-free solders with accurate 

phase diagram, and for the prediction of physical and 

chemical properties of lead-free solders, such as 

surface tension and viscosity.For all metallurgical 

processes, the knowledge of the binary and ternary 

thermodynamic   measurement provide various 

information on phase equilibria such as liquidus and 

solidus surfaces, isothermal and vertical section 

diagrams, mole fractions of the phase constitutions, 
etc. and thermodynamic properties such as activity, 

heat of mixing, surface energy, viscosity, etc. The 

stability of phases, the reaction path, and many more 

physical properties depend on it. It is the basis of all 

types of calculations, like phase diagram calculations, 

the calculation of the wetting behavior, and the 

surface tension. The aim of thermodynamic 

investigations is the determination of the partial and 

integral quantities and their dependence of 

concentration, temperature, and pressure. Various 

methods are available, depending on the system and 

on the required properties. Based on the binary and 
ternary data, higher order systems can be calculated. 

Various extrapolation and calculation models are 

available and are widely used. There is increasing 

technological interest in low melting point alloys 

suitable for use in soldering with lead-free materials. 

The presence of lead in solders is considered world-

wide to be very dangerous for the environment due to 

the huge number of printed circuits and electronic 

devices needing to be recycled from dumps. The 

European Community, the US and Japan as well as 

the electronic industries have launched initiatives to 

look for lead-free solders having physical-chemical 

and technological properties comparable to or better 

than the Sn–Pb alloys in use. Even in India 

Government regulations are becoming more strict, 

and handlings of waste materials are becoming more 
regulated. The history of government regulation 

suggests that targeted materials often become the 

subject of a ban within a certain timeframe; lead in 

paint, lead in plumbing, and lead in gasoline have all 

been eliminated. 

In recent days, researchers are giving more attention 

on lead free solder materials specially In–Sn based 

alloys due to their good alloying tendency with 

copper etc [1-3] for soldering the copper wire 

specially in electronic equipments. The enthalpy of 

mixing of liquid In-Sn system first has been measured 
by Kleppa[4] at 450◦C from 6 to 34 at.% In by means 

of direct-reaction calorimetry. It was followed by 

Wittig and Scheidt [5]using same instrument forthe 

entire composition range at 371 ◦C. The same method 

was used by Yazawa et al. [6] at 450 ◦C from 19 to 

90 at.% In and finally by Bros and Laffitte [7] at 248 

◦C over the entire composition range. Prior to 1971 

Values for the integral enthalpy published were 

collected by Hultgren et al. [8], and the agreement 

among these authors is generally quite good. These 

experimental data show small negative values for 

theenthalpy of mixing of liquid In–Sn alloys. Several 
thermodynamic assessments of the In–Sn system 

were presented by Lee et al. [9], by Korhonen and 

Kivilahti [10], and more recently by David et al. [11] 

based on these experimental data. In all these cases 

good agreement was obtained between calculated and 

experimental data. The most recent experimental 

investigation of the enthalpy of mixing, using direct-

reaction calorimetry at 900 ◦C over the entire 

compositionrange, was by Luef et al. [12].Several 
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lead free sytem has been investigated by different 

author [13-15]. The enthalpy of formation and the 
activities of this liquid system have been determined 

by R. Hultgren et al. and V.  

 

Vassiliev et al.  [16,17] at temperature 520-820 K 

.The re-assessment of the In–Sn phase diagram [11] 

were done by these experimental data. It is due to 

negative deviation from the ideal mixing and, slightly 

improved with respect to its previous versions 

[16,18,19 and 20]. Theearlier phase diagram[11]of 

In-Sn system which were accepted is mainly based on 

the work by Heumann and Alpaut [21]. The main 

discrepancy between the phase diagram [22]and the 

later  accepted one [23] is the stability region of two 

intermediate phases, the Sn-rich γ-phaseand In-rich β- 
phase. 

 

II. EXPERIMENTAL  

 

2.1 Materials 

For experiment high purity metals( In, Sn) were used. 

Calibration standard were done by α-Al2O3 needles 

obtained from Johnson Matthey, U. K.For cleaning of 

Indium ingot and Tin metals Fine sandpaper was used 

to remove the oxide layer. The details of purity and 

supplier were listed in Table 1.  

 

Raw materials Source Initial purity (wt. %) 

Tin (Shots) 
Indium (Ingot) 

Argon gas 

Johnson Matthey, U. K 
Johnson Matthey, U. K 

Indian oxygen limited, India 

99.999 
99.999 

>99 

Table 1: Purities and sources of materials used in the present study 

 

2.2 Procedure 

Experiment were performed by using MHTC 96 high 

temperature  Drop calorimeter made from Setaram, 
France. It consist with graphite heating element  and  

thermopile of 20 thermocouples for heat sensation, 

operating up to 1723K. A motorized (Multisample 

Introducer) dropping device is used for subsequently 

dropping of sample with certain interval of time. Itis 

placed On the top of the calorimeter, can hold  23 

samples at a time. It is connected with furnace by 

alumina tube. All experiment performed in an 

alumina crucible ( Height 60mm and 10 mm dia.)A 

required quantity of  Sn(nSn=0.003622 mole) was 

kept in an alumina crucible before the start of the 

experiment. By furnace heating after attaining the 
required temperature kept it for 1 hour and follow 

dropping of the sample at a fixed interval of time 40 

minutes for base line for each drop is maintained. 

After completion of dropping sample four drops of α-

Al2O3 (National Institute of Standards and 

Technology) needles were dropped for the calibration 

of the equipment. For preventing the oxidation of the 

sample during the experiment all experiment were 

performed in flowing of argon gas.For control and 

data evolution the Calisto software provided by the 

manufacturer were used. Reproducibility and 
accuracy of the data were checkedby repeating the 

experiments once more at the same temperatures.  

 

III. RESULTS AND DISCUSSION 

 

Enthalpy of mixing 

After completion of experiment the heat flow data as 

a function of temperature were recorded by 

CALISTO data accusation software. Then, the area of 

the peaks obtained by integrating the data obtained by 

CALISTO processing software. The measured 

enthalpy calculated after the integrations of the heat 

flow curves as given below, 

 

∆HIn ,i
Reaction =   ∆HIn ,i

Signal
 . K −

 ∆H
In ,i

TD→TM  .  nIn ,i .......(1) 

 

WherenIn ,i is the number of moles of the indium 

added at i - th drop.  ∆HIn ,i
Signal

is the heat effect due to 

single i-th drop of indium sample to the bath; K is the 

calorimeter constant;∆H
In ,i

TD→TM  is the enthalpy change 

of 1 mole of indium from drop temperature TD (in 

Kelvin’s) to the bath temperature TM, in the i-

thmeasurement. The molar enthalpy 

difference∆H
In ,i

TD→TM for indium was calculated using 

the polynomial of pure elements from Dinsadale [21]. 

 

∆HSignal = ni HSample ,TC
− HSample ,TD

 +

 ∆HReaction .......  (2) 

 

Whereni is the number of moles of the added 

sample, HSample ,TC
 denotes molar enthalpies at 

calorimetric temperature and HSample ,TD
denotes 

molar enthalpies at drop (room) temperature. 

∆HReaction is the enthalpy of reaction due to addition 

of ni number of moles. 

Because of the relatively small mass added the Partial 

enthalpy can be directly calculated as: 

 

∆Hi
   =  

∆HReaction

ni
...... (3) 

The integral enthalpy of mixing was calculated by 

summarizing the corresponding reaction 

enthalpiesand division by the total molar amount of 

substance. 

∆Hmix =
∆HReaction

(nCrucible + ni )
........(4) 
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No. of moles 

of 

Indum (nIn) 

[mole], 

mole 

fraction 

xIn 

Standard 

uncertainties 

u (xIn) 

Heat effect 

KH
Signal

.

[J]
 

Standard 

uncertainties

KH
Signal

.
            

[J]
 

Drop   

enthalpy    

HDiss-x[J] 

 

Integral 

enthalpy 
mH

[Jmole-1]
 

Series 1:  In-Sn alloys; Atmosphere: Argon at pressure p = 0.1 MPa, starting amount   nSn = 0.003622 mole, K = 

0.003401J μV, TD = 298 K, TM = 730 K 

0.0004164 0.1031 0.0002 6.715 0.02 -0.32 -80.363 

0.0005074 0.2032 0.0001 8.218 0.01 -0.36 -150.36 

0.0006139 0.298 0.0001 9.839 0.01 -0.54 -236.98 

0.0008174 0.394 0.0001 13.27 0.02 -0.54 -295.66 

0.0012963 0.502 0.0002 21.17 0.03 -0.74 -344.85 

0.0018047 0.601 0.0001 29.48 0.07 -1.03 -389.99 

0.0032005 0.705 0.0002 52.51 0.10 -1.6 -418.68 

0.0031745 0.7656 0.0002 53.09 0.21 -0.58 -370.26 

0.0049194 0.8222 0.0001 82.36 0.13 -0.81 -320.56 

0.0039705 0.8512 0.0001 67.08 0.18 -0.04 -270.09 

0.0019242 0.8621 0.0002 32.85 0.23 0.324 -237.95 

0.0039686 0.8802 0.0001 66.66 0.12 -0.43 -221.05 

Series 2 : In-Sn alloys; Atmosphere: Argon at pressure p = 0.1 MPa, starting amount   nSn = 0.003622 mole, K = 

0.003460J μV , TD = 298 K, TM = 830 K 

0.0003984 0.0991 0.0001 6.995 0.016 -0.276 -68.65 

0.0004992 0.19861 0.0002 8.789 0.026 -0.322 -132.35 

0.0006620 0.301 0.0001 11.61 0.03 -0.473 -206.70 

0.0008470 0.3992 0.0001 14.86 0.04 -0.598 -276.90 

0.0000102 0.40021 0.0001 -0.084 0.054 -0.269 -321.05 

0.0028958 0.5946 0.0001 51.45 0.121 -1.393 -372.85 

0.0003433 0.6096 0.0002 5.88 0.11 -0.385 -400.57 

0.0078888 0.789 0.0002 142.1 0.26 -1.889 -326.53 

0.0019175 0.8102 0.0001 35.73 0.24 0.742 -254.86 

0.0054066 0.8521 0.0002 98.55 0.26 -0.114 -203.26 

0.0057446 0.8804 0.0001 104.8 0.31 -0.017 -165.20 

Series 3: In-Sn alloys; Atmosphere: Argon at pressure p = 0.1 MPa, starting amount   nSn = 0.003622 mole, K = 
0.003584 J μV TD = 298 K, TM = 930 K 

0.0004170 0.1052 0.0002 7.85 0.02 -0.27 -66.030 

0.0005060 0.1998 0.0001 9.588 0.01 -0.27 -118.50 

0.0006310 0.3127 0.0001 11.85 0.03 -0.43 -187.40 

0.0008590 0.4028 0.0002 16.23 0.04 -0.5 -243.11 

0.0011990 0.5013 0.0002 22.64 0.05 -0.72 -301.80 

0.0000131 0.5985 0.0002 -0.09 0.10 -0.34 -348.62 

0.0018540 0.702 0.0002 35.19 0.17 -0.91 -377.80 

0.0044150 0.7912 0.0002 85.4 0.29 -0.57 -296.72 

0.0034340 0.8463 0.0001 67.28 0.35 0.408 -212.50 

0.0050030 0.8794 0.0001 97.36 0.40 -0.06 -167.63 

0.0039390 0.8952 0.0002 77.11 0.26 0.414 -125.60 
Table2:  Integral enthalpy of mixing resulting from calorimetric measurements of In-Sn System with indium drop at 730, 830 and 

930 K. Standard states: pure liquid metals. 

 

 
Fig.1Integral molar mixing enthalpies of liquid In-Sn alloys at 

730, 830 and 930 K; standard states: pure liquid metals. 

In Calorimetric generally, there are six sources of 

errors observed: i) Presence of impurities ii) 

construction of the calorimeter iii) calibration iv) 

integration of signal v) incomplete dissolution. The 

overall error involved with the MHTC 96 line evo 

instrument (Setaram, France) instrument is   ± 230 J. 

mol -1. The error in calibration of was estimated by 

dropping NIST standard sapphire and found to be less 

than ± 1.5 %. The dropped materials during 

experiment and integral molar enthalpy of mixing is 

calculated at 730,830 and 930 K by Eq. 3 are shown 
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in Table 2.It contains information on the starting 

amounts, added amounts and the integral enthalpies 
of mixingof the liquid alloys. It has observed that by 

ploting mixH vs xIn Plot representing composition of 

indium ( xIn) as abscissa and the integral enthalpy of 

mixing as ordinate . It reveals that mixing enthalpy is 

exothermic in nature. The variation of this enthalpy 

with change in molar fractions of Indium is given in 

plot given belowFig.1(pure liquid component is the 

refrence state). As indium content increases 

enthalpies of mixing decreases and approaches 
minimum value atxIn ~0.65 and increases towards 

zero by further increases indium in the alloy. So the 

segregation or clustering of atoms in this system ruled 

out. It reveals that no compound can formed during 

alloy formation because there is no sudden increment 

or decrement of enthalpies of mixing observed. 

 

Theoretical modelling 

 It is generally used for the calculations of 

thermodynamic properties of the higher order 

systems.Recent trend is to express the 

thermodynamic data of the binary and ternary 
systems in the form of Redlich – Kister polynomial. 

So, the binary  Calorimetric data obtained by 

experiment at 830were treated by a least squares fit 

Eq. (5) using the following Redlich-Kister 

polynomial as given below. It is used for 

substitutional solutions according to the CALPHAD 

method and  proposed by Ansara and Dupin[22]. 
 

∆Hmix =     xixj  Li∶ j
(υ) xi − xj 

υ

υ  j>ii   .......(5) 

 

where i and j are equal to 1 for Bi or 2 for In and 

Li∶ j
 υ 

(υ = 0,1,2. . ) are the so called binary interaction 

parameters of the orderυ . In this case the polynomial 

has the form: 

 

∆Hmix = L1∶ 2
(0)

x1x2 + L1∶ 2
(1)

x1x2(x1 − x2) 

+L1∶ 2
(2)

x1x2 x1 − x2 
2 .....(6) 

 

The experimental data are fitted with equation (6) as 

per the Redlich –Kister polynomial. The fitted 

parameters are called the binary interaction 

parameters. The binary calculated interaction 

parameters are presented in Table 3. It has been 

observed that binary interaction parameters varies 

linearly with the temperature. 

 
A comparative study of the excess molar free energy 

obtained experimentally and by the Redlich-

Kisterpolynomial extrapolation are shown in Fig. 2 

and reveals good agreement with the experimental 

values for 830 K. 

 

Interaction parameter υ (J/mol) 

LIn-Sn
(υ) 0 -4016+2T 

 1 -4315+3T 
Table3:Intraction parameters for In-Sn system 

 

 
Fig.4.Comparison of Integral mixing enthalpies between 

theoretical model (Redlich-Kister Polynomial) and this 

experimental study at 830 K for In-Sn alloys. 

 

IV. SUMMARY AND CONCLUSIONS 

 
The integral enthalpy of mixing of the binary In-Sn 

system by dropping Indium in liquid tin were 

measured over the entire composition range by drop 

calorimeter  at 730, 830 and 930 K. The enthalpy of 

mixing of In-Sn system has been found to be 

exothermic in nature. The minima in the enthalpy 
curves were found  approx at xIn~0.65at these 

temperature. A slight temperature dependency of 

enthalpy of mixing has been observed. The enthalpy 

of mixing values obtained experimentally have been 

used to determine the binary interaction parameters in 

In-Sn system by Redlich – Kisterpolynomial at 830 K 

and the same is presented in Table 3. The binary 
interaction parameters varies linearly with 

temperature. 
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