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Abstract
The ultimate objective of this study is to find a way to replace toxic lead-based solder with a non-toxic replacement that 
retains all of the desirable characteristics of the conventional solder. In this work, the integral and partial enthalpy of mixing 
for Sn–Ga–In ternary alloy systems were measured by the help of drop calorimeter along six of the cross sections at different 
temperatures of 673 K, 723 K and 773 K. Pieces of pure tin were dropped into molten Ga0.25In0.75, Ga0.50In0.50, Ga0.75In0.25 
alloys and pieces of pure Indium into Ga0.25Sn0.75, Ga0.50Sn0.50, Ga0.75Sn0.25. In order to calculate the interaction parameter, 
Redlich–Kister–Muggianu (RKM) model was used which considers the substitutional solution mechanism. Geometric models 
i.e. Kohler, Muggianu, Chou, Toop, and Hillert have been used to determine the integral mixing enthalpies and compared 
with experimental data. It has been seen a good agreement between the theoretical models and results of this study.
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1  Introduction

In recent times, the harmful consequences that lead-contain-
ing materials have had on the environment and health have 
led to a rising demand for the development of lead-free alter-
natives that are friendlier to the environment. Conventional 
solders containing lead and tin, that are used in a wide range 
of electronic applications are an example of material that 
raises serious concerns. It is now absolutely necessary to 
look for lead-free solder alternatives that have characteristics 
that are comparable to those of Pb–Sn solder to solve this 
problem. As a possible replacement for traditional solders 
that contains lead, the alloy system consisting of tin (Sn), 
gallium (Ga), and indium (In) is the main objective of this 
research. Because of its superior ability to transmit electric-
ity and its good resistance to corrosion, gallium stands out 
as a potentially useful choice. In addition, gallium's melting 
point of 29.76 °C, which is substantially lower than most 
other metals, making it a potential candidate for our study. 
This lowers the melting point of the alloy system as a whole. 

Notably, preceding studies have shown the positive effects of 
adding gallium into lead-free solders, improving mechanical 
characteristics and better wettability [1–3]. Aside from gal-
lium, indium is an essential component in this alloy system. 
Having a melting point that is just 156.6 °C lower than gal-
lium's, indium helps to lower the alloy's total melting point 
and provides excellent resistance to corrosion. Despite the 
fact that the value of electrical conductivity of indium is 
not even close to that of copper [4–7], the addition of this 
element considerably improves the wetting behaviors of the 
alloy. This results in improvement in the strength of solder 
bond and hence making the solder more reliable. Tin, which 
is another crucial component of the system, has a melting 
point of just 213.93 °C and a boiling temperature that is 
2270 °C. Tin’s melting point is lower than lead's melting 
point, but it has a higher boiling point. The alloy's overall 
performance is further enhanced by the fact that it has high 
electrical conductivity and is resistant to corrosion [8–10]. 
A lead-free solder replacement that has characteristics that 
are equivalent to those of typical lead–tin solder may be 
developed by using gallium, indium, and tin. This is a fasci-
nating path to investigate. The outcomes of this study will, 
eventually, add to the continuous efforts that are being put 
forth in the development of environmentally friendly and 
sustainable materials for the electronics sector. In order to 
build an alloy comprising Sn, Ga, and In that may replace 
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conventional Sn based solder, the first step is to determine 
the thermodynamic parameters of the alloy, which is then 
followed by the construction of phase diagram. It is chal-
lenging to discover any alloy that is capable of satisfying 
all of the criteria for a lead-free solder. According to the 
research that has been done, there is no calorimetric data that 
can be used for making direct measurements of enthalpies 
of mixing for this ternary system. Because of this, the deter-
mination of the enthalpy of mixing for this ternary system 
is aimed at providing an alternative to applications using 
lead-based solder.

1.1 � Ga–In System

Researchers from a variety of fields have looked at the phase 
diagram of the gallium–indium (Ga–In) system in an effort 
to better comprehend its thermodynamic characteristics. 
Ansara et al. [11] used a Tian-calvet micro calorimeter in 
their research. Their thermodynamic analysis results in 
determination of heat capacities and these heat capacities 
help in giving a clear picture about the system's distinct 
phases, which were previously unknown. The Ga–In system 
was also investigated by Anderson et al. [12], who found that 
the trend of molar enthalpy is very closely resembles with 
the data that was already present in the literature. Ansara 
et al. [13] continued their inquiry into the enthalpies of mix-
ing by measuring the molar excess enthalpies for the liquid 
Ga–In system at a temperature of 995 K. The enthalpy data 
were expanded upon by Handzlik et al. [14, 15] who inves-
tigated the enthalpy of mixing values at different tempera-
tures (1123 K, 1273 K, and 1423 K). These data are very 
necessary to have a complete understanding of the system’s 
thermodynamic behavior across a wider temperature range. 
The mixing enthalpy for liquid Ga–In alloy systems were 
calculated by Predel et al. [16], who found that the value 
of the mixing enthalpy reached its maximum when xIn was 
roughly less than 0.5. Singh et al. [17] studied the given 
binary system using drop calorimetric technique at tempera-
ture range of 673 K to 773 K.

1.2 � Ga–Sn System

Numerous thermodynamic investigations of the Ga–Sn 
system have been carried out in an attempt to get a bet-
ter understanding of the eutectic composition of the system 
as well as its mixing behavior. At a temperature of 693 K, 
Anderson et al. [18] investigated the Ga–Sn system at eutec-
tic composition by using several approaches from the field 
of thermal analysis. The partial and total mixing enthalpies 
of the Ga–Sn system were determined by Li et al. [19] using 
a calvet type calorimeter at a fixed temperature of 803 K. 
However, these measurements were only performed for com-
positions in which xSn was less than 0.35. Kulawik et al. [20] 

presented data on the enthalpy of mixing and compared it to 
data from other published sources. They most likely did an 
overall study and comparison of the enthalpy data that came 
from a variety of sources in order to identify any discrepan-
cies or unusual occurrences that could have occurred. Zivko-
vic et al. [21] conducted research on the thermodynamics 
of the Ga–Sn binary system at three different temperatures: 
1000 K, 1073 K, and 1200 K. This experiment at many tem-
peratures may have led to complete understanding of the 
system’s thermodynamic behavior across a wider tempera-
ture range. Singh et al. [17] studied the given binary system 
using drop calorimetric technique at temperature range of 
673 K to 773 K.

1.3 � In–Sn System

Several thermodynamic studies have been conducted on the 
In–Sn binary alloy with the purpose of better comprehending 
the material’s behavior as well as its characteristics. Using a 
calvet type micro calorimeter, Rechchach et al. [22] inves-
tigated the binary In–Sn alloy at a temperature of 500 °C. 
The researchers kept the temperature constant throughout 
the experiment. The objective of Korhonen et al. [23] was 
to estimate the thermodynamic behavior of the In–Sn binary 
system by making the best use of the data that is currently 
available from the published research. The In–Sn binary sys-
tem was subjected to a thermodynamic analysis by Lee et al. 
[24], who used thermodynamic models in their investigation. 
They most likely validated their model by comparing its 
predictions to the outcomes of the experiments that were 
actually conducted using the thermodynamic parameters that 
were obtained from those experiments. Using a calvet type 
micro calorimeter, Luef et al. [25] determined the partial 
and integral mixing enthalpies of the In–Sn binary system 
at a higher temperature of 900 °C. These experiments were 
carried out at a higher temperature. Oelsen calorimetry was 
used by Zivkovic et al. [26] to determine the thermody-
namic characteristics for the liquid In–Sn system when it 
was heated to 600 K. Singh et al. [17] studied the given 
binary system using drop calorimetric technique at tempera-
ture range of 673 K to 773 K.

The literature review suggests that there is no calorimetric 
data available for the Sn–Ga–In system. Therefore, we have 
undertaken to investigate this system. In this work, we used a 
drop calorimeter to determine the partial and integral enthal-
pies of mixing for Sn–Ga–In ternary alloy system along six 
of the cross sections (see Fig. 1 for more information) at 
different temperatures of 673 K, 723 K, and 773 K. Pieces of 
pure tin were dropped into molten Ga0.25In0.75, Ga0.50In0.50, 
Ga0.75In0.25 alloys and pieces of pure Indium were dropped 
into Ga0.25Sn0.75, Ga0.50Sn0.50, Ga0.75Sn0.25. Molar enthalpies 
of mixing were calculated from the partial molar enthalpies. 
Plotting iso-enthalpy curves was then accomplished using 
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integral mixing enthalpy. It was discovered that the tem-
perature affected the mixing enthalpies. Based on ternary 
enthalpy values, the substitutional solution RKM model was 
used to determine the interaction parameter; to get these 
parameters, least square fitting was employed. Additionally, 
the enthalpies of mixing of the given ternary have been cal-
culated by using the Kohler, Muggianu, Chou, Toop and 
Hillert geometric models and compared with the experimen-
tal ones. These models use the binary interaction parameters 
and these parameters are deduced from the literature [17]. 
When the values getting from RKM model and measured 
experimental values are compared, it is found that there is a 
good agreement between them.

2 � Experimental Details

2.1 � Materials

To investigate the thermodynamic behavior, a calorimet-
ric analysis of a ternary alloy was conducted, employing 
high-purity metals—specifically, Ga, In, and Sn. Calibra-
tion was performed using α-Al2O3 needles sourced from the 
National Institute of Standards and Technology (NIST) in 
Gaithersburg, Maryland, USA. To ensure cleanliness, the 
metals underwent a thorough cleaning with n-hexane in a 
supersonic bath. Subsequently, the metals were vacuum-
dried within an antechamber glove box to eliminate any 
residual solvent. Following this, the metals were segmented 
into smaller pieces and accurately weighed to the precision 
of 10–4 g. The specifications for the pure metals and the use 
of protective Argon gas are detailed in Table 1.

2.2 � Calorimetric Measurements

Throughout this experimental investigation, a drop calorim-
eter (model number-MHTC 96 Line Evo) manufactured by 
SETARAM Instruments in France was employed to gather 
enthalpy data related to the studied system. Ensuring con-
stant cooling, a graphite tube type resistance furnace with a 
water-flowing arrangement around its exterior was utilized, 
and temperature monitoring inside was achieved through a 
thermopile equipped with 56 pairs of S-type thermocouples. 
The furnace's maximum operating temperature is 1593 K. 
To automate the introduction of metals into the crucible, 
a motorized device specifically designed for dropping was 
utilized. Calibration reference for the heat flow curve was 
established by dropping four pieces of α-Al2O3 needles at 
the conclusion of each sample series. The CALISTO soft-
ware comprehensively monitors the calorimeter. Before the 
experiment commenced, specific amounts of two of the three 
metals were placed in the crucible with an outer diameter 
of 12 mm and a length of 60 mm. The CALISTO software 
regulated both the gas circulation and the water cooling sys-
tem. Pre-programming included parameters such as the rate 
of heating and cooling, holding duration, and the rate of gas 
flow. Throughout the experiment, a continuous supply of 
argon at a rate of approximately 30 mL/min was maintained 
to prevent oxidation of the alloys. Argon served dual roles 
as a carrier and protective gas during the entire experiment. 
Upon reaching the designated holding temperature, the auto-
mated motorized dropping system introduced the first sam-
ple into the crucible. The dropping device, equipped with a 
timer set to automatically release the sample every half an 
hour, ensured a systematic approach. The data acquisition 
software continuously recorded heat signals at 673 K, 723 K, 
and 773 K. Following the completion of all sample drops, 
α-Al2O3 standard samples were introduced to calibrate the 
heat signals towards the experiment's conclusion. Calori-
metric investigation of the Sn–Ga–In ternary alloy system 
was executed employing the methodology outlined above. 
Pure tin specimens were introduced into molten Ga0.25In0.75, 
Ga0.50In0.50, Ga0.75In0.25 alloys, while pure indium pieces 
were dropped into Ga0.25Sn0.75, Ga0.50Sn0.50, Ga0.75Sn0.25 
alloys. This study encompassed a total of six isopleths. A 
thermal equilibration process lasting approximately 16 h was 
implemented to establish a stable baseline before introducing 

Fig. 1   Measured cross-sections (intersections a to h indicated, see 
Table 3) and alloy compositions in the Sn–Ga–In ternary system

Table 1   The materials used for this study

Materials Source Initial purity (wt%)

Indium (rod) Alfa Aesar, Germany 99.999
Argon gas Indian oxygen limited, India 99.999 (vol%)
Tin (shots) Alfa Aesar, Germany 99.999
Gallium (lumps) Alfa Aesar, Germany 99.999
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the sample material. To assess the negligible weight loss due 
to evaporation, the combined mass of both the crucible and 
samples was measured before and after the experiments. 
To ensure reproducibility, each experiment was conducted 
twice with identical variables. The acquired heat signals 
underwent integration using the CALISTO Data Process-
ing software, which facilitated the determination of enthalpy 
values. Using the CALISTO data processing programme, we 
were able to successfully integrate the peaks that appeared 
in the heat flow curve. The value of the heat signal that was 
obtained from the α-Al2O3 needle drops served as the basis 
for the calculation of the calibration constant (K). Calculat-
ing the enthalpy, or heat effect, for each given heat signal 
requires the multiplication of the integral values of that sig-
nal by a known value (K).

Here, the reaction enthalpy ( ΔHReaction,X,i ) which is a 
function of heat effect ( ΔHSignal,X,i ⋅ K  ) and the enthalpy 
( ΔHTD→TM

X,i
 ) increment of the sample to be dropped, is cal-

culated by Eq. 1 when species X is dropped from drop 
temperature (TD) to bath temperature (TM).

where nX,i (no. of moles) is the number of species X that was 
dropped into the liquid bath with the assistance of an auto-
mated dropping system, and each peak is associated with 
a distinct ΔHSignal,X,i value, which is the integrated area (in 
µVs). It was computed using baseline integration methods 
for every peak. The change in the molar enthalpy of species 
X is represented by ΔHTD→TM

X,i
 and may be evaluated with the 

use of enthalpy data found in the literature [27] for each spe-
cies within the appropriate temperature range.

Although a very small amount of species X was added 
in with the liquid metal in the crucible, Eq. (2) may be 
used to calculate the partial enthalpy ΔHX,i:

For each measurement, two of the three metals were 
added to the crucible in precise proportions before the 
third was added at the designated temperature. Pieces 
of pure tin were dropped into molten Ga0.25In0.75, 
Ga0.50In0.50, Ga0.75In0.25 alloys and pieces of pure Indium 
into Ga0.25Sn0.75, Ga0.50Sn0.50, Ga0.75Sn0.25. The integral 
molar mixing enthalpy ( ΔHmix) of ternary system can be 
calculated by using Eq. (3).

Here nbinary  = total no. of moles of two base metals in 
crucible.

(1)ΔHReaction,X,i =
(

ΔHSignal,X,i ⋅ K
)

− (ΔH
TD→TM
X,i

⋅ nX,i)

(2)ΔHX,i ≈ ΔHReaction,X,i∕nX,i

(3)

ΔHmix =

�

nbinary
�

∗
�

ΔmixHrespectivebinary

�

+
∑

ΔHReaction

(nbinary +
∑

nX,i)

ΔmixHrespectivebinary = enthalpy of mixing value for the ini-
tial composition of binary in the crucible.

The literature [27] was referred to get In and Sn’s enthalpy 
increase from room temperature to drop temperature, which 
was then included into Eq. (1). It’s possible for calorimetric 
readings to be inaccurate for a variety of reasons, including 
the kind of calorimeter that was used, the techniques for cali-
brating it, the integration of the heat flow curve baseline, the 
solubility of the solute in the solvent, and the concentration 
of impurities. The experimental error of the calorimeter is 
anywhere from ten to twelve percent. It was discovered that 
the mistake in calibration brought on by dropping α-Al2O3 
needles fell within a region that was no more than 1.5%.

3 � Results and Discussion

3.1 � Experimental Results

The partial and integral enthalpy of mixing values for the 
given ternary system at temperature of 673 K, 723 K and 
773 K were shown in the Tables S1 and S2. These experi-
mental values are used to find the ternary interaction param-
eter values as given in Table 2.

3.2 � Theoretical Models

Using different theoretical models, one may extrapolate the 
thermodynamic features of ternary or higher order systems 
from data on binary systems. Ansara and Dupin’s theoreti-
cal model is a major contribution [28]. Luef et al. [25] have 
also used the Redlich–Kister–Muggianu polynomial for sub-
stitutional solutions. To determine the ternary interaction 
parameters, we performed a least-squares fit to the available 
data using Eq. 4.

where L(�)
i∶j

 (ν  = 0, 1, 2, …) are the interaction 
parameters(binary) of the binary systems and L�

i∶j∶k
 (ν = 0, 1, 

2,…) are the interaction parameters(ternary). The experi-
mentally determined mixing enthalpy is then compared with 
the estimated values, with just the binary contributions being 
taken into consideration. Table 2 contains the results of the 
binary interaction parameter that was derived from the data 
that was accessible in the literature for all binary systems 
[17]. The difference between the two values shows the 

(4)
ΔHmix =

∑

i

∑

j>i

[

xixj
∑

�
L(�)i:j

(

xi − xj
)�
]

+ xixjxk(L0i:j:kxSn + L1i:j:kxGa + L2i:j:kxIn)
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contribution of the ternary interaction to this system, which 
may then be optimized using Eq. 4.

The enthalpies of mixing along six of the cross sections 
depicted in Fig. 1 for Sn–Ga–In Ternary alloy systems 
were determined at different temperatures of 673 K, 723 K, 
and 773 K. Pieces of pure tin were dropped into molten 
Ga0.25In0.75, Ga0.50In0.50, Ga0.75In0.25 alloys and pieces of 
pure Indium was dropped into Ga0.25Sn0.75, Ga0.50Sn0.50, 
Ga0.75Sn0.25 alloys. The closeness of readings near the inter-
section points on the six cross-sections indicates the quality 
of our experimental data (see Table 3 and Fig. 1). However, 
systemic errors, such as those resulting from insufficient 
mixing reactions, cannot be completely ruled out.

As shown in Fig. 2, the mixing enthalpy values for the 
two sections (Ga0.50In0.50)1−xSnx and (Ga0.75In0.25)1−xSnx are 
endothermic in nature but for section (Ga0.25In0.75)1−xSnx 
it is showing exothermic nature for the composition of Sn 
ranging from 0.75 to 1. Exothermic or negative value of 
mixing enthalpy in this range tells about the region where 

the alloy is supposed to be more stable. Also it suggests 
that there is finite amount of interatomic interaction among 
three metals in this range as there is good chance of Gibb’s 
energy to be negative as enthalpy is negative although it also 
depends on sign of entropy as well.

Referring to Fig. 3, the integral mixing enthalpy values 
for the section (Ga0.25In0.75)1−xSnx, (Ga0.50In0.50)1−xSnx are 
getting negative or exothermic for the composition range 
of xSn between 0.5 and 1 but remains endothermic for the 
section (Ga0.75In0.25)1−xSnx. Exothermic or negative value of 
mixing enthalpy in this range tells about the region where 
the alloy is supposed to be more stable. Also it suggests that 
there is finite amount of interatomic interaction among three 
metal atoms in this range as there is good chance of Gibb’s 
energy to be negative as enthalpy is negative although it 
also depends on sign of entropy as well. As mixing enthalpy 
values are small as compared to positive enthalpy values in 
this system, the stability of the alloys will mostly depend on 
the entropy of mixing.

Table 2   Binary interaction 
parameters as a function of 
temperature (T)

Interaction parameter Order(ν) (J/mol)

L
�

Ga−Sn
 [17] 0 14.39878 T − 5653.89322

1 0.1171T2 − 167.45029 T + 58,125.56491
2 − 86.8973 T + 62,076.25785
3 96.93463 T − 67943.74811

L
�

Ga−In
 [17] 0 − 8.8349 T + 11,735.95937

1 13.21157 T − 10519.29844
2 − 0.33089T2 + 470.04412 T − 164828.03678
3 1.05767T2 − 1542.21988 T + 559,523.14764

L
�

In−Sn
 [17] 0 − 731.83

1 − 305.39
2 − 813.1
3 − 656.955

L
�

Ga−In−Sn
0 − 312.393 T + 183,220
1 654.2 T −  481,046
2 − 528.873 T + 393,622

Table 3   Integral enthalpy of 
mixing values at the sites of 
intersection a, b, c, d, e, f, g, h 
also sees Fig. 1

Intersection Integral enthalpy of mixing (J/mol)

673 K 723 K 773 K

Sn drops In drops Sn drops In drops Sn drops In drops

a 441 419 17 − 26 − 25 − 46
b 555 578 87 111 − 213 − 197
c 522 532 401 352 934 906
d 738 721 388 407 533 566
e 1082 1089 762 724 309 370
f 632 588 651 634 1153 1233
g 1110 1132 1017 970 1055 1076
h 1255 1257 1103 1094 710 739



	 Metals and Materials International

Referring to Fig.  4, the integral mixing enthalpy 
values are positive for the section (Ga0.75In0.25)1−xSnx 
throughout the composition of xSn but for two sections 
(Ga0.25In0.75)1−xSnx, (Ga0.50In0.50)1−xSnx, the values of 
integral mixing enthalpy are found to be negative or exo-
thermic for the composition range of xSn between 0.3 to 1 
and between 0.5 to 1 respectively. Exothermic or negative 

value of mixing enthalpy in this range tells about the 
region where the alloy is supposed to be more stable. Also 
it suggests that there is finite amount of interatomic inter-
action among three metal atoms in this range as there is 
good chance of Gibb’s energy to be negative as enthalpy 
is negative although it also depends on sign of entropy as 
well. This is a non-ideal system departing very little from 
ideal enthalpy of mixing.

From Figs. 2, 3 and 4, it can be inferred that as the tem-
perature increases from 673 to 773 K the two sections 
(Ga0.25In0.75)1−xSnx and (Ga0.50In0.50)1−xSnx are getting 
exothermic for large range of xSn. Addition of Sn makes 
the alloy more stable and it is also desired for the solder 
applications.

Figure 5 illustrates that all three isopleths are endother-
mic in nature with respect to composition of In(xIn) and as 
the xGa/xSn value increases the enthalpy of mixing values 
are getting more positive (endothermic) with respect to the 
composition of In(xIn). So, there may be a chance of less 
tendency for the atoms to be mixed in this system at 673 K.

Figure  6 illustrates the variation in mixing enthalp-
ies with the indium composition for three different iso-
pleths (Ga0.25Sn0.75)1−xInx, (Ga0.50Sn0.50)1−xInx and 
(Ga0.75Sn0.25)1−xInx and two binaries at 723 K. For three 
isopleths and the Ga–In binary, the mixing enthalpies are 
endothermic for the entire composition of In except for 
the isopleth (Ga0.25Sn0.75)1−xInx, where values are slightly 
negative in the range of xIn = 0.2–0.4. Also it suggests that 
there is finite amount of interatomic interaction among three 
metal atoms in this range as there is good chance of Gibb’s 

Fig. 2   Plot representing the enthalpies of mixing of the given ternary 
alloy system corresponding to cross-section of (Ga0.25In0.75)1−xSnx; 
circle, (Ga0.50In0.50)1−xSnx; triangle and (Ga0.75In0.25)1−xSnx; star at 
673  K, In–Sn binary data from the literature [17]; square, Ga–Sn 
binary data from the literature [17]; half-filled circle and solid line 
represents RKM fitted polynomial curve

Fig. 3   Plot representing the enthalpies of mixing of the given ternary 
alloy system corresponding to cross-section of (Ga0.25In0.75)1−xSnx; 
circle, (Ga0.50In0.50)1−xSnx; triangle and (Ga0.75In0.25)1−xSnx; star at 
723  K, In–Sn binary data from the literature [17]; square, Ga–Sn 
binary data from the literature [17]; half-filled circle and solid line 
represents RKM fitted polynomial curve

Fig. 4   Plot representing the enthalpies of mixing of the given ternary 
alloy system corresponding to cross-section of (Ga0.25In0.75)1−xSnx; 
circle, (Ga0.50In0.50)1−xSnx; triangle and (Ga0.75In0.25)1−xSnx; star at 
773  K, In–Sn binary data from the literature [17]; square, Ga–Sn 
binary data from the literature [17]; half filled circle and solid line 
represents RKM fitted polynomial curve
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energy to be negative as enthalpy is negative although it also 
depends on sign of entropy as well.

Figure  7 shows the nature of plots of mixing 
enthalpies for three isopleths (Ga0.25Sn0.75)1−xInx, 
(Ga0.50Sn0.50)1−xInx and (Ga0.75Sn0.25)1−xInx and two 
binaries In–Sn and Ga–In at 773  K. For two isopleths 
(Ga0.50Sn0.50)1−xInx and (Ga0.75Sn0.25)1−xInx the mixing 

enthalpies are endothermic for entire In composition, but 
for isopleth (Ga0.25Sn0.75)1−xInx the values of mixing enthal-
pies are negative or exothermic in nature in the range of 
xIn = 0.15–1. Also it suggests that there is finite amount of 
interatomic interaction among three metal atoms in this 
range as there is good chance of Gibb’s energy to be nega-
tive as enthalpy is negative although it also depends on sign 
of entropy as well.

From Figs. 5, 6 and 7, it can be inferred that as the tem-
perature increases from 673 to 773 K, the enthalpies of 
mixing become more exothermic for (Ga0.25Sn0.75)1−xInx 
isopleth.

Figure  8 illustrates the effect of temperature on the 
enthalpy of mixing for isopleth (Ga0.25In0.75)1−xSnx at differ-
ent mole fraction of Sn. Also, it can be inferred from above 
plot that enthalpy curves at 673 K, 723 K, and 773 K are 
not close to one another. This confirms that the enthalpies 
of mixing of ternary Sn–Ga–In system is not independent 
of temperature. So, temperature has a very important role to 
play on mixing of Ga, Sn and In atoms. The degree of mix-
ing is better for the given isopleth at 773 K as the enthalpy 
of mixing values are most negative at 773 K.

The influence of temperature on the enthalpy of mixing 
for isopleth (Ga0.25Sn0.75)1−xInx at various mole fractions of 
In is shown in Fig. 9. The above figure also suggests that the 
enthalpy curves at 673 K, 723 K, and 773 K are not close to 
one other. This demonstrates that the ternary Sn–Ga–In sys-
tem's enthalpies of mixing are not temperature-independent. 
Therefore, temperature has a significant impact on how Ga, 
Sn, and In atoms combine. The degree of mixing is better for 

Fig. 5   Plot representing the enthalpies of mixing of the given ternary 
alloy system corresponding to cross-section of (Ga0.25Sn0.75)1−xInx; 
circle, (Ga0.50Sn0.50)1−xInx; triangle and (Ga0.75Sn0.25)1−xInx; star, 
In–Sn binary data from the literature [17]; square, Ga–In binary data 
from the literature [17]; half-filled circle at 673 K and solid line rep-
resents RKM fitted polynomial curve

Fig. 6   Plot representing the enthalpies of mixing of the given ternary 
alloy system corresponding to cross-section of (Ga0.25Sn0.75)1−xInx; 
circle, (Ga0.50Sn0.50)1−xInx; triangle and (Ga0.75Sn0.25)1−xInx; star 
at 723 K, In–Sn binary data from the literature [17]; square, Ga–In 
binary data from the literature [17]; half-filled circle and solid line 
represents RKM fitted polynomial curve

Fig. 7   Plot representing the enthalpies of mixing of the given ternary 
alloy system corresponding to cross-section of (Ga0.25Sn0.75)1−xInx; 
circle, (Ga0.50Sn0.50)1−xInx; triangle and (Ga0.75Sn0.25)1−xInx; star 
at 773 K, In–Sn binary data from the literature [17]; square, Ga–In 
binary data from the literature [17]; half-filled circle and solid line 
represents RKM fitted polynomial curve
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the given isopleth at 773 K as the enthalpy of mixing values 
are most negative at 773 K.

There are six iso-enthalpies curves i.e. − 0.2 kJ/mol, 
0 kJ/mol, 0.4 kJ/mol, 0.8 kJ/mol, 1 kJ/mol, 1.2 kJ/mol as 
shown in the Fig. 10. Along each curve enthalpy value 
is constant. To generate these plots, the values of molar 
mixing enthalpy with respect to amount of the species 
which is to be dropped are used. The behavior of both the 
binaries Ga–Sn and Ga–In affects the majority of the iso-
enthalpy curves because In–Sn system is slightly negative 
or exothermic in nature. It is seen that enthalpy of mix-
ing becomes positive from In–Sn binary towards Gallium 

corner. As gallium composition increases the enthalpy of 
mixing increases. All the iso-enthalpy curves are oriented 
towards In–Sn binary. Therefore, the stability of the alloy 
is maximum for the composition close to In–Sn binary.

Five extrapolation geometric models (Kohler, Muggianu, 
Chou, Toop and Hillert) were used to predict the enthalpy 
of mixing values of ternary Sn–Ga–In system. Binary inter-
action parameter of all binaries were required to predict the 
thermodynamic properties of the given ternary system. Binary 
interaction parameter of all binary systems In–Sn, Ga–In and 
Ga–Sn were taken from the data available in literature [17] and 
given in the Table 2.

The various predictive extensions (referring to equations 5, 
6, 7, 8, and 9) from the binary to ternary Sn–Ga–In System 
are shown below:

Kohler model [29]

Muggianu model [29]
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Fig. 8   Plot representing the enthalpies of mixing of the given ternary 
alloy system for the cross-section of (Ga0.25In0.75)1−xSnx

Fig. 9   Plot representing the enthalpies of mixing of the given ternary 
alloy system for the cross-section of (Ga0.25Sn0.75)1−xInx

Fig. 10   Plot representing different Iso-enthalpy curves of given liquid 
ternary alloy at 773 K; values are in kJ/mol
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Chou model [29]

Toop model [29]

Hillert model [29]
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A comparison of experimental data with all geometric 
model data along with RKM modelled fitted data at 773 K 
is shown in Fig. 11 for the isopleth (Ga0.50In0.50)1−xSnx. 
RKM modelled polynomial fitted data fits well to the 
experimental data. Binary and ternary interaction param-
eter values are shown in Table 2. Large value of ternary 
interaction parameters show that there is strong interaction 
among three elements, that’s why we are getting large val-
ues of three L parameters. Therefore, we could infer that 
ternary contribution is quite significant in this ternary sys-
tem and also referring to Figs. 8 and 9, the experimental 
values are not close to each other so temperature depend-
ence is there. A comparison of experimental data and 
the data predicted from CALPHAD technique [30–35], 
with all geometric model data along with RKM modelled 
fitted data at 773 K is shown in Fig. 12 for the isopleth 
(Ga0.75Sn0.25)1−xInx. RKM modelled polynomial fitted data 
fits well to the experimental data. Also the data predicted 
from CALPHAD technique [30] by using THERMOCALC 
software is very close to the experimental data for most of 
the composition range.
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Fig. 11   Experimental and calculated integral enthalpy of mixing for 
the isopleth (Ga0.50In0.50)1−xSnx by using the five geometric models 
(Kohler, Muggianu, Chou, Toop and Hillert) at 773  K along with 
RKM Polynomial fitted Curve

Fig. 12   Experimental and calculated integral enthalpy of mixing for 
the isopleth (Ga0.75Sn0.25)1−xInx by using the five geometric models 
(Kohler, Muggianu, Chou, Toop and Hillert) at 773  K along with 
RKM Polynomial fitted Curve and data predicted from CALPHAD 
technique [30]
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4 � Summary and Conclusions

Partial mixing enthalpy and integral mixing enthalpy values 
were derived from this study on Sn–Ga–In Ternary alloy 
systems by using drop calorimeter along six of the cross 
sections (see Fig. 1) at temperatures ranging from 673 to 
773 K. It was found that mixing enthalpies were temperature 
dependent. The substitutional solution RKM model was used 
to derive the interaction parameter based on ternary enthalpy 
values and to get these parameters least square fitting is used. 
Additionally, the enthalpies of mixing of the given ternary 
have been calculated by using the Kohler, Muggianu, Chou, 
Toop and Hillert geometric models and compared with the 
experimental ones. It is also observed that the data predicted 
from CALPHAD technique [30] is very close to the experi-
mental data for most of the composition range. These models 
use the binary interaction parameters and these parameters 
are deduced by using a Redlich–Kister polynomial fitting 
to accurately describe the binary interactions within each 
binary alloy system. When the values getting from RKM 
model and measured experimental values are compared, it is 
found that there is a good agreement between them.
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