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Živan Živković
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Abstract The results of calorimetric investigations of

liquid In–Sn alloys using Oelsen calorimetry are presented

in this article. Based on obtained enthalpy space diagram

and enthalpy isotherm diagram, thermodynamic parameters

for the liquid In–Sn alloys, including mixing and excess

integral and partial molar quantities at temperature of

600 K, have been determined and compared with available

literature data.
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Introduction

The In–Sn binary system belongs to the wide group of low-

melting lead-free alloys [1, 2]. Its phase diagram is well

known and defined (i.e., work of Okamoto [3], SGTE

BINARY free binary alloy database calculated by FACT

[4], etc.), as presented in Fig. 1 according to Ref. [3]. Also,

there are other literature data concerning phase equilibria

investigation of mentioned binary system [5–8].

Thermodynamic behavior of In–Sn system has been

widely investigated up to now, by different researchers.

Liquid In–Sn alloys have been determined using EMF

measurements by Terpilowski et al. [9] and Cakir et al.

[10], while Kleppa [11], Wittig et al. [12], and Yazawa

et al. [13] expolored them using direct reaction calorimetry,

and newest reference by Brunetti et al. [14]. Optimal

thermodynamic activities for indium and tin, as well as

integral molar quantities for the In–Sn system, has been

selected by Hultgren et al. [15] and, recently, in COST531

Thermodynamic Database [16].

The results of experimental determination of thermo-

dynamic parameters for investigated binary In–Sn sys-

tems, obtained using Oelsen thermodynamic quantitative

analysis, are presented in this article, as a contribution to

the thermodynamic knowledge of mentioned lead-free

system.

Experimental

The Oelsen calorimetry method was used for the experi-

mental thermodynamic analysis of the binary In–Sn sys-

tem. Detailed descriptions of this experimental technique

are reported in Refs. [17–24], while schematic represen-

tation of the used Oelsen water calorimeter is given in

Fig. 2.

Such calorimeter consists of a Dewar flask with water, a

stirrer and a thermometer. It also contains a housing from

copper sheet into which the iron holder with the sample is

added, after these have been heated in a separate oven to

the initial temperature. The temperature of the sample is

followed with NiCr–Ni thermocouple during cooling and

simultaneously the temperature of the water is measured.

The water equivalent for the calorimeter used was

determined by a standard method using dissolved Na2CO3

and its value was 4465 J/K.

All experiments were carried out in an air atmosphere,

with In and Sn metals of 99.99 mass% purity. Composition

and masses of the experimentally investigated alloys are

given in Table 1, having constant total volume of 0.3 cm3

for all samples—according to the requirements of the
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University of Belgrade, Technical Faculty in Bor, VJ 12,

19210 Bor, Serbia

e-mail: dzivkovic@tf.bor.ac.rs

123

J Therm Anal Calorim (2010) 102:827–830

DOI 10.1007/s10973-010-0785-x



method used. The samples were cooled in the furnace to

the room temperature.

Results and discussion

Thermodynamic analysis of the investigated section in the

In–Sn system was done according to the Oelsen procedure

[17–24]. Based on the cooling curves obtained by calori-

metric measurements, temperature changes of the calo-

rimeter were determined for all samples in the temperature

range up to 800 K. According to these data, the enthalpy

space diagram and enthalpy isotherm diagram were

constructed and presented in Figs. 3 and 4, respectively.
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Fig. 2 Oelsen 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)

Table 1 The composition of experimentally investigated alloys

Alloy xIn xSn Mass% In Mass%Sn m tot/g mIn/g mSn/g

A1 0 1 0 100 2.19 0 2.19

A2 0.2 0.8 19.475 80.525 2.1906 0.4266 1.7640

A3 0.4 0.6 39.207 60.793 2.1912 0.8591 1.3321

A4 0.517 0.483 50.872 49.128 2.1915 1.1149 1.0767

A5 0.6 0.4 59.202 40.798 2.1918 1.2976 0.8942

A6 0.8 0.2 79.464 20.536 2.1924 1.7422 0.4502

A7 1 0 100 0 2.193 2.193 0
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Fig. 3 Enthalpy space diagram
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Fig. 4 Enthalpy isotherm diagram
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Fig. 1 Phase diagram of the In–Sn binary system [3]
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(It should be noted that in presented diagrams 1 K corre-

sponds to the water equivalent equal to 4465 J/K.)

The basic equation in Oelsen thermodynamic analysis

[17–19] is given as:

GM
i

T
¼
Z 1

T

1
T0

Hx;T d
1

T

� �
¼ R ln ai ð1Þ

where are GM
i is the partial molar Gibbs energy for com-

ponent i, To is the starting temperature, T is the final

temperature, Hx,T is the enthalpy value measured in the

Oelsen calorimeter for the temperature change from To to

T, R is the gas constant, and ai is the activity of the com-

ponent i. Further calculation in the thermodynamic analysis

was done based on Eq. 1 and the results of the graphic

planimetry [17–19], which enabled the determination of

activities, activity coefficients and partial molar quantities

at 600 K. The results are given in Table 2.

A negative deviation from Raoult law is noticed for the

partial thermodynamic quantities of indium at 600 K in

whole concentration range, while tin shows weak positive

deviation up to the eutectic concentration and negative

trend for higher tin contents, indicating to mixing tenden-

cies of both components in the system, especially over the

eutectic concentration.

Further step in the investigation of In–Sn behavior was a

comparative thermodynamic analysis, in order to compare

obtained experimental results by Oelsen calorimetric

method with the literature thermodynamic data, taken from

COST531 Database [16]. These data, for liquid phase in

the In–Sn system, are presented in the form of Redlich–

Kister–Muggianu model, given as follows [25]:

DGu;xs ¼ xu
1 xu

2

Xn

v¼1

vLu
12 xu

1 � xu
2

� �v ð2Þ

where term u is related to the investigated phase and the

parameters are given in Table 3.

Based on given expression and data in Table 3, opti-

mized thermodynamic data for the In–Sn system were

calculated and compared with experimental results pre-

sented in this work. The comparison, done for investigated

Table 2 The results of the Oelsen quantitative thermodynamic

analysis at 600 K

Component i xi ai ci Gi
M/(J/mol) Gi

xs/(J/mol)

In 0 0 – – –

0.2 0.142 0.710 -9737 -1708

0.4 0.322 0.805 -5653 -1082

0.517 0.423 0.818 -4292 -1001

0.6 0.531 0.885 -3158 -609

0.8 0.721 0.901 -1632 -519

1 1 1 0 0

Sn 1 1 1 0 0

0.8 0.814 1.018 -1027 87

0.6 0.621 1.035 -2377 172

0.483 0.481 0.996 -3651 -21

0.4 0.342 0.855 -5352 -781

0.2 0.165 0.825 -8988 -960

0 0 – – –

Table 3 Redlich–Kister parameters for the constitutive binaries in

liquid phase

System ij Lij
0 Lij

1

In–Sn [10] -828.54 ? 0.76018T

- 0.1211767T ln T
-115.59

- 1.39997T
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Fig. 5 Comparison between indium and tin activities for the In–Sn

system obtained by Oelsen calorimetry (this work) and literature

RKM data [16] at 600 K
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Fig. 6 Comparison between literature phase diagram [4] and exper-

imental results obtained from cooling curves
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temperature 600 K is given in Fig. 5, where reasonable

mutual agreement could be noticed.

Also, the results of cooling curves obtained by Oelsen

calorimetry were compared with literature phase diagram of

In–Sn system [4] (Fig. 6) and good agreement was noticed.

Conclusions

Thermodynamic analysis of binary In–Sn system was done

experimentally using Oelsen’s calorimetry at 600 K.

Results of the comparative analysis between obtained

thermodynamic parameters and literature showed negative

deviation from the Raoult’s law for both components over

the eutectic concentration, as well as noticeable agreement.
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