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ABSTRACT 
Low-melting alloys, based on bismuth, indium, and tin, have found commercial use in soldering, 
safety devices, coatings, and bonding applications, due to their low melting point temperature of 
eutectic compositions and small differences between their liquidus and solidus temperatures. 
Based on this, the accurate knowledge of their thermal properties such as melting and 
solidification temperatures, latent heat of melting, supercooling tendency, etc. is of immense 
importance.  In the present research, low-melting alloy from three cross-sections Bi-Sn50In50, 
Sn-In50Bi50, and In-Bi50Sn50 (wt.%) was investigated using differential thermal analysis (DTA), 
and by scanning electron microscopy (SEM) with energy dispersive spectrometry (EDS). 
Temperatures of phase transformations, determined by DTA, and phase compositions of co-
existing phases, determined by EDS analysis, were found to support the corresponding calculated 
phase compositions quite well. The experimentally obtained results were compared with the 
results of thermodynamic calculation according to the CALPHAD approach, and a close 
agreement was noticed.  
 
1. INTRODUCTION 
Solders known as fusible metal or material become an important element since it will 
ensure the continuity of the production of electrical and mechanical in the electronic 
packaging [1]. As is known to all, Tin-Lead (Sn-Pb) solders have been used for many 
years due to their good chemical, physical, thermal, and mechanical properties as 
traditional solders in the field of electronic packaging [2]. However, concerning the 
toxicity of Pb to human health and the environment, many countries have limited or 
banned the production and application of Sn-Pb solders in many fields by means of 
legislation [3,4]. For example, the implementation of WEEE directives [5] and RoHS [6-
8] regulations in the national legislation of the European Union, the USA, and Japan 
lasted until January 2, 2013. Since consumer needs for electronic devices are increasing 
every day, the need for new lead-free alloys that are suitable for soldering is also 
increasing [9]. The Sn-Bi base lead-free solders are proposed as one of the most popular 
alloys due to the low melting temperature (eutectic point: 139OC) and low cost. However, 
they are not widely used because of the lower wettability, fatigue resistance, and 
elongation compared to traditional Sn-Pb solders. So alloying is considered an effective 
way to improve the properties of Sn-Bi solders with the addition of elements Al, Cu, Zn, 
Ga, Ag, Sb, as well as indium [10].  The alloy from Bi-In-Sn system was investigated by 
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Noor et al. [9], as a potential candidate to replace Tin-Lead (Sn-Pb) solders. That alloy 
gives a low melting temperature in the range of 65-100 ℃, which is directly contributed 
by the addition of In. The lowest melting temperature ensures that the solder melts and 
forms a joint with the substrates, after which it solidifies again in the shortest period. The 
melting temperature of the alloy from the Bi-In-Sn system is about 60℃ because In and 
Bi have the ability to effectively reduce the melting temperature of the solder. Based on 
this study, it was concluded that according to the microstructure analysis, the presence of 
the intermetallic compound BiIn can be observed for the solder with the Bi-In-Sn system. 
Recently, Zhou et al [11] investigated the microstructure, phase morphology, temperature, 
and heat of the fusion of several alloys from the Bi-In-Sn system. The examination was 
carried out by scanning electron microscopy (SEM) with energy dispersive spectrometry 
(EDS), X-ray diffraction (XRD), differential scanning calorimetry (DSC), and a density 
analysis instrument. Based on the obtained results, it was concluded that the alloys have 
an extremely low melting point as well as a high density [11]. Yang et al. [12] performed 
a thermodynamic calculation using the CALPHAD method, as well as corresponding 
experiments to design low-temperature Bi-In-Sn solders. They concluded that when it 
comes to the mechanical characteristics of the solder, during air cooling, a large relaxation 
limit of the solder, high tensile strength, and much better elongation are obtained than the 
conventional solder. The Bi-Sn system has a low melting point. In order to improve the 
mechanical characteristics of the Bi-Sn solder, In was added and they obtained a better 
elongation of the solder, thus maintaining a low melting temperature. Shalaby et al. [13] 
found that the addition of In elements had a critical effect on the onset point of the Sn-
58Bi solder which meant that adding 2 wt.% In could decrease the onset point of the 
solder from 139.06°C to 129.68°C and increase the tensile and shear strength. Chen et al. 
[14] studied the effects of In addition on the melting temperature and tensile properties of 
Sn-Bi solder. When the content of In addition was 5 wt.%, the onset point was decreased 
by about 20°C, and tensile properties were poor decreasing from 71.8 MPa to 68.3 MPa 
when the content of the, In addition, was at 3 wt.%. With increasing In content, the peak 
temperature of the composite solder was reduced by 10°C. The most important 
thermodynamic optimization of the Bi-In-Sn system, which is based on new experimental 
data, was carried out by Witusiewicz et al. [15]. A new thermodynamic description is 
presented for the ternary Bi-In-Sn system in the entire range of compositions. The 
parameters for the thermodynamic models of the constituent binary systems Bi-In, Bi-Sn, 
and In-Sn were adopted from earlier research, and those for the system Bi-In-Sn were 
optimized using experimental data on phase equilibria as well as data on melting enthalpy 
of different alloys available in the literature. In the present research, low-melting alloy 
from three cross-sections Bi-Sn50In50, Sn-In50Bi50, and In-Bi50Sn50 was investigated 
using differential thermal analysis (DTA), and by scanning electron microscopy (SEM) 
with energy dispersive spectrometry (EDS). Although there are numerous studies of the 
thermal and structural characteristics, the Bi-In-Sn ternary system is still in the research 
phase. 
 
2. EXPERIMENTAL PROCEDURE 
Sample preparation in the present study consisted in melting the raw metals Bi, In, and Sn 
with a purity of 99.999 mass%, in an induction furnace under a protective argon 
atmosphere. The melting procedure involved heating the samples together with the 
furnace for about 90 min, to the temperature of 100 °C above the liquidus line, keeping 
them at that temperature for 60 minutes to ensure the homogenization of the molten alloy, 
and slowly cooling inside the furnace. Then, the samples were annealed at 100 °C for 
three hours in order to eliminate internal stresses and additional homogenization. The 
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total mass of the prepared sample was about 4 g, while the total mass loss was less than 1 
mass%. Phase transition temperatures and corresponding heat effects were determined by 
a simultaneous thermal analyzer (TA Instruments SDT Q600) [16]. The reference 
material was an empty alumina crucible. Prior to DTA measurements, temperature and 
enthalpy calibrations were performed using pure metal standards (In and Zn) under the 
measurement conditions. The sample’s masses were about 30 mg and each sample was 
investigated by performing two heating cycles using the heating rate of 10 °C/min in the 
temperature interval from room temperature up to 300 °C, in a stream of inert gas 
(nitrogen) to prevent oxidation of the sample. Scanning electron microscope (SEM) 
(TESCAN VEGA3) [17], with an energy dispersive spectrometer (EDS) (Oxford 
Instruments X-act) [18], was used for microstructural investigation of the prepared alloys. 
The compositions of the coexisting phases as well as the total composition of the prepared 
alloys were determined using surface and spot EDS analysis. All SEM images of 
microstructures were recorded in the backscattered electron mode [17]. The analyzed 
samples were prepared by the classic metallographic process by polishing the samples 
with diamond pastes and etching them with an aqueous solution of ferric chloride. 
 
3. RESULTS AND DISCUSSION 
3.1. Thermodynamic calculation 
Thermodynamic calculation of phase equilibria according to the CALPHAD (calculation 
of phase diagram) approach [19, 20] can provide valuable information about expected 
microstructure, phase transformation temperatures, and the thermal properties of the 
investigated material. In this work, thermodynamic calculations were performed using a 
thermodynamic dataset from Witusiewicz et al. [15]. Figure 1 presents a space phase 
diagram of the Bi-In-Sn system in combination with the constitutive In-Sn, Bi-Sn, and In-
Bi binary systems.  

 
 

Figure 1. Space ternary phase diagram of Bi-In-Sn ternary system calculated using the 
thermodynamic parameters from Witusiewicz et al.[15] 
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Calculated isothermal section of the Bi-In-Sn system at room temperature, with marked 
phases and drawn compositions of the investigated alloys are shown in Figure 2. 

 
 

Figure 2. Calculated isothermal section of the Bi-In-Sn system at room temperature, based on 
thermodynamic parameters from Witusiewicz et al. [15] with marked phases and drawn 

compositions of the investigated alloys 
3.2. Thermal analysis 
Differential thermal analysis (DTA) was used to determine the melting temperature and 
temperature of phase transformations of the investigated alloys. Figure 3 shows examples 
of DTA heating curves for some of the tested alloys. It should be noted that the sample 
was heated twice to 300 oC in a nitrogen atmosphere with a heating rate of 10 °min-1, and 
the results of the second heating are shown. The liquid temperature was determined from 
the temperature of the DTA peak while other phase transition temperatures were 
determined from the onset temperature of the DTA peak in the heating process.  
 

  
a) Investigated alloy B-2 and B-4 from Bi-Sn50In50 vertical section 
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b) Investigated alloy S-3 and S-4 from Sn-In50Bi50 vertical section 

   
c) Investigated alloy I-2 and I-3 from In-Bi50Sn50 vertical section 

 
Figure 3. DTA heating curve of investigated alloys from Bi-In-Sn ternary system 

 
Experimentally determined temperatures of phase transformations in the investigated 
alloys of vertical sections Bi-Sn50In50, Sn-In50Bi50, and In-Bi50Sn50 are presented in 
Table 1. Figure 4 presents calculated vertical sections with mass fraction ratios In/Sn=1, 
Bi/Sn=1, and Bi/In=1 of the ternary Bi-In-Sn system compared with DTA experimental 
results: a) Bi-Sn50In50, b) Sn-In50Bi50 and c) In-Bi50Sn50. Experimentally determined 
temperatures of phase transformations of the investigated alloys were in good agreement 
with calculated values. 
 
Table 1. Experimentally determined temperatures of phase transformations of the investigated alloys 

Samples Temperature, oC 
Phase transformations Liquidus 

B-1 / 117,75 
B-2 60,78; 70,36; 117,50 
B-3 68,86 80,28 
B-4 64,57 84,10 
B-5 66,42; 85,32; 186,13 
S-1 / 92,67 
S-2 / 63,67 
S-3 64,10 124,47 
S-4 64,63 166,22 
S-5 63,67 200,61 
I-2 64,43; 79,48;  124,03 
I-3 61,46 100,91 
I-4 61,16 93,22 
I-5 67,52 128,94 
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Figure 4. Calculated vertical sections of the ternary Bi-In-Sn system, based on thermodynamic 
parameters from Witusiewicz et al. [15], compared with DTA experimental results: a) Bi-

Sn50In50, b) Sn-In50Bi50 and c) In-Bi50Sn50 
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3.3. Scanning Electron Microscopy (SEM-EDS) 
The following images show SEM microphotographs of the investigated alloys B-2, B-3, and B-5 
from Bi-Sn50In50 vertical section; S-2, S-3, and S-4 from Sn-In50Bi50 vertical section; I-3 and I-
4 from In-Bi50Sn50 vertical section at different magnifications: a) 100x; b) 500x; c) 1000x; d) 
2000x. 

 

 
B-2 

 

 
B-3 

 

 
B-5 

 

 
S-2 
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I-4 

 
Figure 5. SEM microphotographs of the investigated alloys B-2, B-3, and B-5 from Bi-Sn50In50 

vertical section; S-2, S-3, and S-4 from Sn-In50Bi50 vertical section; I-3 and I-4 from In-
Bi50Sn50 vertical section at different magnifications: a) 100x; b) 500x; c) 1000x; d) 2000x 

 
In SEM microphotographs of alloy B-2, it can be clearly seen that the microstructure 
consists of three phases: the largest dark gray phase is the  phase, BiIn2 is the light gray 
phase, and the black phase is the  phase. While in alloy B-3, the microstructure consists 
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of three phases: the largest black phase is the  phase, the dark gray phase is BiIn, and the 
light gray phase is the Bi3In5 phase. The microstructure of alloy B-5 consists of three 
phases: the black phase is the  phase, the light gray phase is a solid solution based on 
bismuth (Bi), and the dark gray phase is the BiIn phase. In the SEM microphotographs of 
the S-2 and S-3 alloys, the microstructure consists of three phases: the black phase is the  
phase, the light gray phase is Bi3In5 and the dark gray phase is BiIn2 at the alloy S-2 and 
BiIn at the alloy S-3. The microstructure of S-4 alloys consists of only two phases: the 
black phase is the  phase, and the light gray phase is BiIn, while the third phase, a solid 
solution based on bismuth (Bi), which should be present in this alloy, has not been 
identified. In the SEM microphotograph of the I-3 alloy, the base of the microstructure is 
the same black  phase. Two more phases are present there. The light gray phase is the 
stoichiometric compound Bi3In5, and the dark gray phase is the same stoichiometric 
compound BiIn2. In the case of I-4 alloys, the base of the microstructure is also the black 
 phase. Two more phases are also present there. The light gray phase is the 
stoichiometric compound BiIn2, and the dark gray phase is the  phase. Experimentally 
determined phase compositions of co-existing phases in the investigated alloys were 
found to support the corresponding calculated phase compositions based on 
thermodynamic parameters from Witusiewicz et al. [15], quite well. 
 
4. CONCLUSIONS 
In the present research, low-melting alloys from three cross-sections Bi-Sn50In50, Sn-
In50Bi50, and In-Bi50Sn50 was investigated using differential thermal analysis (DTA), 
and by scanning electron microscopy (SEM) with energy dispersive spectrometry (EDS). 
Temperatures of phase transformations, determined by DTA, were compared with the 
calculated vertical sections (three vertical sections were investigated), and a close 
agreement was obtained. Phase compositions of co-existing phases, determined by EDS 
analysis, were found to support the corresponding calculated phase compositions quite 
well. The experimentally obtained results were compared with the results of 
thermodynamic calculation according to the CALPHAD (calculation of phase diagram) 
approach, based on thermodynamic parameters from Witusiewicz et al. [15], and a close 
agreement was noticed. 
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