
Introduction

One among different lead-free solder candidates is the

Ag–In–Sn system [1]. Due to its expected application,

numerous investigations have been done recently in

order to determine the most important characteristics

of this system [2–8], including mostly phase equilib-

ria considerations and thermodynamic analysis. Opti-

mized thermodynamic data for constitutive binary

systems may be found in COST 531 Database [9].

Thermodynamic investigations of the Ag–In–Sn

system started with the work of Gather et al. [2], who

determined the enthalpies of mixing in the liquid state

for four sections in the Ag–In–Sn system using a heat

flow calorimeter. Miki et al. [3] studied the activities of

the constituents in the Ag–In–Sn system experimentally,

using a mass spectrometry and performing the measure-

ments in the temperature range 1273–1523 K. Zhang [4]

calculated a model of mass action concentration for me-

tallic Ag–In–Sn melts and compared its results with

measured activities at 1423 K.

In the frame of phase diagram determination,

Korhonen and Kivilahti [5] have studied ternary al-

loys at 523 K using DSC, X-ray, SEM and

metallography. Liu et al. [6] gave an important contri-

bution on experimental determination and thermody-

namic calculation of the phase equilibria in the

Ag–In–Sn system, based on the DSC and metallo-

graphic results performed. The most recent reference

is the work of Vassilev et al. [7], who did an experi-

mental study of the Ag–In–Sn diagram at 553 K using

DSC, X-ray and SEM and determined the solubility

ranges of the solid solution and the intermetallic

phases. Also, an isothermal phase diagram of the

Ag–In–Sn system at 386 K, together with micro-

segregation in the Sn20In2.8Ag sloder alloys, may be

found in [8].

As a contribution to the more complete knowl-

edge of the Ag–In–Sn system thermodynamics and

structural characteristics, the results of thermody-

namic investigation and characterization of alloys in

ternary Ag–In–Sn system is presented in this paper.

Thermodynamic properties, in two investigated sec-

tions with molar ratio In:Sn=1:1, 1:2 and 1:4, have

been calculated using different predicting methods

(Redlich-Kister, general solution model, Toop,

Hillert, Muggianu, Kohler) and compared.

Theoretical fundamentals

Calculation of thermodynamic properties for the

Ag–In–Sn alloys in three investigated sections with

molar ratio In:Sn=1:1, 1:2 and 1:4, have been done

using different predicting methods – general solution

model [10, 11], Toop [12], Hillert [13], Muggianu

[14], Kohler [15], and Redlich-Kister model [16].

The basic equations of used models are given as

follows:

General solution model [10, 11]
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‘ij’ independent of composition, only relying on tem-

perature, which have been used in the regular type

equation:
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where Xi and Xj indicate the mole fraction of compo-

nent ‘i’ and ‘j’ in ‘ij’ binary system. The function f is

the ternary interaction coefficient expressed by:
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where �ij are the similarity coefficients defined by �i

called the deviation sum of squares:
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and

X1(12) = x1 + x3�12

X2(23) = x2 + x1�23

X3(31) = x3 + x2�31

(6)

Toop model [12]
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Hillert model [13]
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where: vij=1/2(1+xi–xj)

Muggianu model [14]
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Kohler model [15]
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Redlich-Kister model [16]
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where f123 presents the ternary interaction parameter,

usually expressed in the form: f123=x1L123

0 +x2L123

1 +

x L3 123

2 , with a temperature dependence taken as

L123

� =a�+b�T (�=0, 1, 2).

In all given equations, GE and �Gij

E correspond

to the integral molar excess Gibbs energies for ternary

and binary systems, respectively, while x1, x2, x3 cor-

respond to the mole fraction of components in investi-

gated ternary system.

Experimental

Experimental investigations presented in this paper

were done using differential thermal analysis (DTA),

X-ray diffraction analysis (XRD), scanning electron

microscopy (SEM) and optic microscopy.

DTA analysis was done on derivatograph MOM,

Budapest (Hungary), at the heating rate of 10 K min–1

in an air atmosphere, while Al2O3 was used as a refer-

ent material during measurements.
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XRD analysis was performed on Siemens appa-

ratus, using Cu-anticathode and Ni-filters (40 kV,

20 mA).

SEM analysis was performed on JEOL-JSM T20

scanning microscope. Solution (32g FeCl3+

100 mL H2O2+100 mL H2O) was used as the etching

agents for the samples prepared according to the stan-

dard metallographic procedure.

Microstructure analysis of the investigated sam-

ples was examined by optic microscopy, using a

Reichert MeF2 microscope.

All experiments were carried out in an air atmo-

sphere, with Ag, In and Sn metals of p.a. purity. Sam-

ples–alloys with mole content of silver equal to 0.1,

0.2, 0.3, 0.4 and 0.5 in the section with molar ratio

In:Sn=1:1 have been experimentally investigated.

Results and discussion

Basic data for the calculation were the values of inte-

gral molar Gibbs excess energies, �Gij

E , for the con-

stitutive binary systems Ag–In, In–Sn and Sn–Ag

taken from Moser et al. [17], Lee et al. [18] and

Oh et al. [19], respectively (according to COST 531

database [9]). The Redlich-Kister parameters (which

also correspond to the parameters Aij

n in Eqs (1), (2)

for the liquid phase of constituting binaries in the

temperature range, are given in Table 1, together with

the Redlich-Kister parameters of the liquid phase of

ternary Ag–In–Sn system, taken from [6].

Further, for the purpose of calculation according

to the general solution model, related similarity coef-

ficients were determined using Eq. (4) at the investi-

gated temperature of 1423 K. Their values are as fol-

lows: �AgIn=0.268, �InSn=0.871 and �SnAg=0.288.

Graphical presentation of the selected binary compo-

sitions for three constitutive binaries in the Ag–In–Sn

system at the temperature of 1423 K, is shown in

Fig. 1.

The values of integral molar Gibbs excess ener-

gies for the alloys in investigated sections in ternary

Ag–In–Sn system were calculated using general solu-

tion model (GSM), Redlich-Kister (RKM), Toop,

Hillert, Kohler and Muggianu models. The compara-

tive graphical presentation with literature experimen-

tal data [3] at 1423 K is shown in Fig. 2.

As can be seen in Fig. 2, there are differences be-

tween applied predicting models, especially between

the asymmetric and symmetric models. Also, there

are differences between different models and experi-

mental literature data [3], while best agreement may

be noticed for asymmetric models – Toop and Hillert.

The results of Redlich-Kister model application, us-

ing ternary interaction parameter taken from [6],

show agreement with experiments over the composi-

tion of xAg=0.6, but significant deviation for lower sil-

ver concentrations.

In order to determine accurately the most ade-

quate thermodynamic model for liquid Ag–In–Sn al-

loys among used ones, the root mean square deviation

analysis was applied on GE data obtained for men-

tioned three sections:

RMS N G G�1 2 1 2/ [ ( – ) ] /� exp

E

calc

E (12)

where: RMS – root mean square deviation, N – the

number of counting points, Gexp

E – experimental, liter-

ature results [3] for GE and Gcalc

E – calculated values

for GE. The results of such analysis, applied to all in-

vestigated sections, are presented in Table 2.

Taking into account Figs 1, 2 and Table 2, it is

obvious that investigated Ag–In–Sn system could be

regarded as an asymmetric system and according to

the root mean square analysis, the Toop model is ade-

quate model for thermodynamic description of liquid

Ag–In–Sn alloys.
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Table 1 Redlich-Kister parameters for the liquid phase of constitutive binaries

System L0(T) L1(T) L2(T) L3(T)

Ag–In –14403.297–8.176T –15551.028–2.664T –710.629–5.293T 3955.27

In–Sn –828.54 0.76018–0.1211767TlogT 0 0

Ag–Sn –5146.7–5.0103T –15799.3+3.3208T –6687.5 0

Ag–In–Sn 64697–8.82T 23474–22.792T 13374–27.171T 0

Fig. 1 The selected binary compositions for three binaries in

the ternary system Ag–In–Sn according to general so-

lution model at 1423 K (shown as bold solid lines)



For that reason, further calculation of silver activi-

ties in ternary Ag–In–Sn system was done using the

Toop model, as well as by the Redlich-Kister model us-

ing ternary thermodynamic parameters presented in [6].

As an illustration of the obtained data, characteristic de-

pendence of silver activities on composition, compared

with literature data, is shown in Fig. 3 for the section

with molar ratio In:Sn=1:1 at 1423 K.

The dependence shown in Fig. 3 confirms that

better agreement with experiments [3] was obtained

by Toop model instead of Redlich-Kister model ap-

plication. Therefore, it may be concluded that intro-

duction of ternary interaction parameter [6] had no

specific influence on thermodynamic properties of the

Ag–In–Sn system.

Besides thermodynamic study, the alloys in the

section with molar ratio In:Sn=1:1 have been experi-

mentally investigated and characterized by means of

DTA, XRD, SEM and optic microscopy.

The temperatures of characteristic endothermic

effects, obtained by DTA measurements for the con-

centration part up to xAg=0.5 in the temperature range

up to 773 K, are presented in Fig. 4. These values are

in accordance with the temperatures of calculated in-

variant reactions in [6], ocurring in the investigated

part of the Ag–In–Sn system.

The results of XRD, including identified phases

in the samples with molar content of silver equal to

0.1, 0.2 and 0.4 are presented in Table 3, while typical

diffractogram for the alloy with xAg=0.2 is shown in

Fig. 5.
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Table 2 The root mean square (RMS) deviation to experimental data for each calculation model

Model GSM RKM Toop Hillert Kohler Muggianu

RMS/J mol–1 126.72 104.82 76.63 78.88 147.51 145.13

Fig. 2 Comparison of calculated results for GE with literature

experimental data [3] at 1423 K a – In:Sn=1:1;

b – In:Sn=1:2; c – In:Sn=1:4

Fig. 3 Comparison of calculated and experimental data [3] for

silver activities in investigated Ag–In–Sn system at

1423 K

Fig. 4 DTA curves for the investigated alloys with composi-

tions up to xAg=0.5; In:Sn=1:1



The identification was done only using available

ASTM reflections for the constituent metals and bi-

nary systems in the ternary Ag–In–Sn system [20].

Therefore, obtained results could be partially used for

the determination of the investigated alloys composi-

tion, because some unidentified peaks in the recorded

diffractograms are probably due to the possible exis-

tence of some ternary phases occurring in the system.

The results of optic microscopy and SEM analy-

sis for the Ag–In–Sn alloys with molar content equal

to 0.1 and 0.4, are presented in Fig. 6.

Microstructure analysis of the investigated sam-

ples shows structure, consisting of light – � (hcp)

Ag–In based phase and dark phase – liquid. Such ob-

tained results are in accordance with the calculated

phase diagrams of the vertical sections in the

Ag–In–Sn system [6].

Conclusions

The results of comparative thermodynamic study of

the Ag–In–Sn alloys, obtained using different predict-

ing models, point out to asymmetric behaviour of in-

vestigated system. The Toop model has been deter-

mined as most accurate calculating method,

comparing to literature experimental data [3]. Also, it

was shown that introduction of ternary interaction pa-

rameter [6] had no specific influence on thermody-

namic properties of the Ag–In–Sn system. Future in-

vestigation of this system will be interesting from the

experimental thermodynamic point of view, using

some of calorimetric techniques [21, 22].

Characterization of some Ag–In–Sn alloys en-

abled determination of the temperatures of character-

istic endothermic effects using DTA, as well as iden-

tification of present phases in chosen samples using

XRD. These results have been completed using optic

microscopy and SEM analysis.
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