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Beside their technological importance in soldering, the low melting eutectic alloys based on
bismuth and indium have potential for commercial application in the field of phase-change materials
(PCMs). In this respect, the knowledge of their microstructure and thermal properties such as melting
temperature, latent heat of melting, supercooling tendency, thermal conductivity, etc. is of large
importance. In this study, two ternary eutectic Bi-In-Sn alloys were investigated by means of scanning
electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDS) and differential scanning
calorimetry (DSC). Microstructure of the prepared eutectic alloys was analyzed using SEM-EDS and
identification of co-existing phases was done. Melting temperatures and latent heats of eutectic melting
were measured using DSC technique. Experimentally obtained results were compared with the results
of thermodynamic calculation according to CALPHAD (calculation of phase diagram) approach and

good mutual agreement was obtained.
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1. Introduction

Phase change materials (PCMs) are materials with high
heat of fusion which undergo melting/solidification process
at a constant or nearly constant temperature and absorb/
release thermal energy from/to the surroundings'. PCMs
are extensively used in the field of thermal management and
thermal energy storage', such as electronics cooling'*,
energy storage for buildings’, solar energy systems® and
space systems’.

Low melting metals and eutectic alloys represent
relatively new class of PCMs'®!%!!. The main advantages
of low melting metallic materials usage as PCMs are their
high thermal conductivity and high volumetric latent heat®'°.

Low melting eutectic alloys based on bismuth and indium
are among the best candidates for middle temperature PCMs
(with operating temperature from 40 to 200 °C)*. However,
many important thermo-physical properties such as melting
point, latent heat of fusion, specific heat capacity, thermal
conductivity for many low melting bismuth and indium
based eutectics are still unknown'’.

The aim of this work is experimental and analytical
investigation of microstructure, melting temperatures and
latent heats of fusion for the eutectic alloys from the Bi-In-
Sn ternary system.

Prepared eutectic alloys were investigated using SEM-
EDS and DSC techniques. Experimentally obtained results
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were compared with the results of phase equilibria calculation
according to the CALPHAD method.

2. Literature Review

The phase diagrams of the Bi-Sn, Bi-In, and In-Sn
constitutive binary systems are relatively well determined
both experimentally and by theoretical calculations'?.

Phase diagram of the Bi-Sn system is presented in
Figure 1. Itis calculated using the optimized thermodynamic
parameters from the latest thermodynamic assessment by
Vizdal et al."3, carried out in the scope of the COST 531
Action' and included in the COST 531 database's. The Bi-
Sn system represents a simple eutectic system with eutectic
reaction at 138.4 °C. It includes two equilibrium phases at
room temperature, (Bi) solid solution (thombohedral A7-type
structure) and (BSn) solid solution (bct structure).

Phase diagram of the In-Sn binary system, given
in Figure 2, is based on thermodynamic assessment by
Ansara et al.’ included in the COST 531 database'.
Calculated phase diagram is in very good agreement with
the experimentally established phase diagram by Moelans
et al.'”. The In-Sn system is composed of four solid phases:
(In) (tetragonal) and (Sn) solid solutions and In-rich 3 and
Sn-rich y intermediate phases.

Microstructure, mechanical and thermophysical properties
of the eutectic Bi-Sn and In-Sn alloys have been extensively
studied mainly due to their large importance in lead-free
soldering'®?. They possess low melting temperatures
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Figure 1. Calculated phase diagram of the Bi-Sn binary system
using thermodynamic parameters from the COST 531 database®.

Figure 2. Calculated phase diagram of the In-Sn binary system
using thermodynamic parameters from the COST 531 database®.

(Tm = 138.4 °C for Sn-Bi solder and Tm = 118.2 °C for
In-Sn solder) and do not form brittle intermetallics as Sn-
Ag-Cu solders®.

Figure 3. shows calculated phase diagram of the Bi-In
system using optimized thermodynamic parameters from the
COST 531 database', which are based on the thermodynamic
assessment by Boa and Ansara?'.

The Bi-In system includes four intermediate compounds:
the Biln, Bi,In, Biln,, and 8 phases. The crystal structure
of the B phase is similar to that of the B phase in the In-Sn
system. Three eutectic reactions appear in the Bi-In system.
Pan et al.”? analytically and experimentally investigated
melting points and latent heats of melting for several Bi-In
alloys. Microstructure, eutectic morphology, and latent heats
of melting of the Bi-In eutectic alloys have been recently
investigated by Manasijevi¢ et al.”.

The summary of solid phases from the constitutive
binary subsystems with their crystallographic data'® is
shown in Table 1.
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Figure 3. Calculated phase diagram of the Bi-In binary system
using thermodynamic parameters from the COST 531 database®.

Table 1. Solid phases from the Bi—In, Bi—Sn and In-Sn constitutive
binary systems with their crystallographic data*

Binary Pearson Strukturbericht
system Phase symbol designation
Bi-In, Bi-Sn (Bi) hR2 A7

Bi-In, In-Sn (In) t2 A6

Bi-In Biln tPA B10

Bi-In Bi,In, t132 D8,

Bi-In Biln, hP6 B8,

Bi-In, In-Sn B t2 A6 mod
Bi-Sn, In-Sn (Sn) tl4 A5

In-Sn Y hP1 Af

Phase diagram of the ternary Bi-In-Sn system was
experimentally investigated by Kabassis and Rutter>>?". Their
proposed phase diagram includes totally six invariant reactions,
five eutectic reactions and one peritectic reaction. Later on,
Yoon at al.”? experimentally re-examined phase relations
in the Bi-In-Sn system and thermodynamically assessed
ternary phase diagram using the CALPHAD method**.
Their assessed phase diagram significantly differs from the
previously proposed phase diagram by Kabassis and Rutter?.
It includes seven invariant reactions involving the liquid
phase, six of them being ternary quasi-peritectic reactions
and only one ternary eutectic reaction Liquid<>B+Biln+Bi,In,
at 59.5 °C. Alloy composition at the eutectic point is 35.86
wt.% Bi, 50.10 wt.% In and 14.04 wt.% Sn.

Due to the changes to the binary data (Bi-In, Bi-Sn), the
Bi-In-Sn system was re-assessed in the scope of the COST
531 Action'. Optimized phase diagram includes 7 invariant
reactions, which is in agreement with the results of Yoon at al.””.
However, there is dissimilarity regarding the ternary eutectic
composition, eutectic temperature and involved solid phases.
Calculated ternary eutectic reaction is Liquid«>B+Biln +y at
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55.3 °C. Calculated alloy composition at the eutectic point
is 31.4 wt.% Bi, 51.4 wt.% In and 17.2 wt.% Sn. Based
on the experimental data from previous studies and their
own experimental results Witusiewicz et al.* presented a
new thermodynamic description for the ternary Bi-In-Sn
system in the entire composition range. They determined 5
invariant reactions, three ternary quasi-peritectic reactions
and two ternary eutectic reactions (Figure 4). Summary of
the ternary eutectic reactions from previous thermodynamic
descriptions of the ternary Bi-In-Sn system is given in Table 2.
The eutectic alloy compositions from Refs.!>** are close to
the composition of the commercial low melting Bi-In-Sn
alloy known as Field’s metal, which consists of 32.5 wt.%
Bi, 51.0 wt.% In, and 16.5 wt.% Sn and with approximate
melting temperature 62 °C.

Zhou et al."" have recently experimentally investigated
microstructure, phase morphology, melting points, and latent
heat of melting for several Bi-In-Sn ternary alloys using
SEM-EDS, XRD and DSC methods.

It can be concluded that considerable differences in the
literature data exist regarding the exact number of ternary
eutectic reactions, eutectic alloy compositions, reaction
temperatures and involved solid phases. In this study,

Figure 4. Calculated liquidus projection of the ternary Bi-In-Sn
system using the optimized thermodynamic parameters from
Witusiewicz et al.*.

compositions of the investigated Bi-In-Sn eutectic alloys
were chosen according to the thermodynamic assessment
given by Witusiewicz et al.*’, as the latest and the most
comprehensive study of the ternary Bi-In-Sn system.

3. Experimental

Ternary Bi-In-Sn eutectic alloys were prepared by melting
of pure elements (Bi 99.999%, In 99.999%, Sn 99.99%, Alfa
Aesar). Weighed pieces of Bi, In and Sn were sealed in quartz
tubes under Ar atmosphere, melted in a resistance furnace
equipped with a digital controller and kept at 600 °C for 60
minutes in order to get homogeneous liquid alloys which
were cooled in air. One piece of around 0.2 grams from each
prepared alloy was cut for DSC analysis.

TESCAN VEGA3 scanning electron microscope with
energy dispersive spectroscopy (EDS) (Oxford Instruments
X-act) was used for microstructure investigation of the
prepared alloys and the measurements were carried out
at 20 kV accelerating voltage. Overall compositions and
compositions of coexisting phases were determined using
EDS area and point analysis. For experimental determination
of the samples overall compositions EDS spectra were
analyzed at a small magnification (100x) over at least five
different locations of the sample. Averaged experimentally
determined overall compositions of the investigated alloys
were in very good agreement with designed compositions.
Designed concentrations of all elements in the investigated
alloys were within 68% confidence interval (mean+0.1wt.%)
so the designed compositions were accepted as correct.
All SEM images of the microstructure were taken on the
polished surface of the studied alloy in the backscattered
electron mode (BSE).

Temperatures and latent heats of melting were determined
by simultaneous thermal analyser SDT Q600 (TA Instruments).
Samples weighing about 50 mg were investigated by performing
5 heating cycles using the heating rate of 5 °C/min in the
temperature interval from room temperature up to 150 °C.
The reference material was empty alumina crucible. Before
DSC measurements temperature and heat calibrations were
performed using the pure metal standards (Bi, In and Zn)
under the measurement conditions.

Table 2. Summary of ternary eutectic reactions from the previous thermodynamic descriptions of the ternary Bi—In—Sn system.

Ternary eutectic

Composition of the liquid (wt%)

T (°C) reaction Sn Reference

59.5 Liquid<>p+Biln+Bi,In, 50.1 14.0 Yoon at al.'?
553 Liquid«>p+Biln,+y 514 17.2 COST 531 database’
76.4 Liquid«<>(Sn)+(Bi)+Biln 27.0 19.2 Witusiewicz et al.**
59.2 Liquid«>p+Biln,+y 51.2 16.8 Witusiewicz et al.*
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4. Results and Discussion

4.1 Thermodynamic calculation

Thermodynamic calculation of phase equilibria using
CALPHAD approach®? 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
thermodynamic dataset from Witusiewicz et al.**. Figure 5and
6 show calculated phase fractions vs. temperature dependences
for the investigated 53.8wt.%Bi-27.0wt.%In-19.2wt.%Sn (E,
alloy) and 32.0wt.%Bi-51.2wt.%In-16.8wt.%Sn (E, alloy)
eutectic alloys. It can be seen that at eutectic temperatures
(76.4 for E, alloy and 59.2 °C for E, alloy) liquid phase
isothermally decomposes into three solid phases according
to the Liquid«<>(Sn)+(Bi)+*Biln and Liquid«>B+Biln,+y
the ternary eutectic reactions. According to the results of
thermodynamic calculation, in the case of the E | alloy, the

Figure 5. Calculated phase fractions vs. temperature dependence
for the investigated 53.8%Bi-27.0%In-19.2%Sn alloy using the
optimized thermodynamic parameters from Witusiewicz et al.*’.

Figure 6. Calculated phase fractions vs. temperature dependence
for the investigated 32.0%Bi-51.2%In-16.8%Sn alloy using the
optimized thermodynamic parameters from Witusiewicz et al.*’.
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Biln compound has the largest phase fraction and the (Bi)
phase the smallest phase fraction (less than 0.1). In the case
of the E, alloy, the Biln, compound has the largest phase
fraction and 3 and y phases have roughly equal phase fractions.

4.2 Microstructure investigation

The eutectic alloys from the Bi-In-Sn ternary system with
the designed compositions corresponding to the calculated
ternary eutectic points E, and E, (Figure 4) were studied
using scanning electron microscopy (SEM) combined with
energy dispersive X-ray spectroscopy (EDS).

Characteristic SEM micrographs of the investigated
eutectic alloys are shown in Figure 7 and Figure 8.

It was determined that microstructure of the ternary
53.8%Bi-27.0%In-19.2%Sn eutectic alloy includes three
phases: Biln as a grey phase, (Sn) as a dark phase and (Bi) as
a bright phase. Most abundant phase in the microstructure is
the grey phase. Based on the results of EDS analysis (Table 3)
this phase corresponds to the Biln binary compound. This
result is in agreement with the calculated diagram of phase
fractions of stable phases as a function of temperature
shown in Figure 5. No solubility of Sn in the Biln phase
was experimentally identified. Sn-rich phase appears as a
dark phase in Figs. 5a-b. The experimentally determined
content of Sn in the (Sn) phase (92.9 at.%) is much higher
than calculated (51.0 at.%). Third detected phase with the
smallest phase fraction is (Bi) phase, which is in agreement
with the calculated results given in Figure 5. Identified co-
existing phases and phase morphology are in good agreement
with the results of Zhou et al.!" obtained for the 57.5%Bi-
25.2%In-17.3%Sn (wt.%) alloy.

Three co-existing phases were also detected in the
microstructure of the 32.0%Bi-51.2%In-16.8%Sn E eutectic
alloy: Biln, light phase, B-In grey phase, y-Sn dark phase.
The chemical composition of the Biln, phase is close to the
calculated composition (Table 3). No solubility of tin in the
Biln, phase was experimentally determined.

Experimentally determined content of Bi (26.8 at.%) in
the In-rich B phase is considerably higher than calculated
content of Bi at eutectic temperature (8.8 at.%). Third
identified phase with the smallest phase fraction is Sn-rich
dark y phase. Experimentally determined content of Sn in
the Sn-rich y phase (60.5 at.%) is considerably larger than
corresponding calculated content (43.4 at.%) (Table 3).

4.3 Thermal analysis

DSC heating cycles were used for measurements of
eutectic (melting) temperatures and latent heats of melting
for the investigated Bi-In-Sn eutectic alloys. The extrapolated
temperature of the peak onset was used for determination
of eutectic temperature of the sample®!.

Average values of eutectic temperatures and latent heats
together with related standard uncertainties obtained from
five conducted DSC heating cycles are presented in Table 4.
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Figure 7. SEM micrographs of the investigated 53.8%Bi-27.0%In-19.2%Sn eutectic alloy: (Bi) light phase, Biln grey phase, (Sn) dark phase.

Figure 8. SEM micrographs of the investigated 32.0%Bi-51.2%In-16.8%Sn eutectic alloy: Biln, light phase, B-In grey phase, y-Sn dark phase.

DSC curves from the third heating cycle for the investigated
53.8%Bi-27.0%In-19.2%Sn (E ) eutectic alloy and 32.0%Bi-
51.2%In-16.8%Sn (E,) eutectic alloy are shown in Figure
9a-b as an illustration.

Experimentally determined melting temperature for the
53.8%Bi-27.0%In-19.2%Sn (E) ) eutectic alloy (76.6 °C) is
in very good agreement with the calculated value (76.4 °C).
Experimentally determined latent heat of melting of the
32.0%Bi-51.2%In-16.8%Sn (E,) eutectic alloy, 25.4 J/g,
is relatively small, close to the latent heat of melting for
pure indium (28.5 J/g) and much smaller than latent heat of
melting of pure Bi (53.3 J/g) and pure Sn (60.5 J/g)°. Yang

et al.? have recently investigated melting point and latent
heat of melting for the Bi-In-Sn alloy with 31.6 wt% of Bi,
48.8 wt% of In and 19.6 wt% of Sn. Their measured values,
obtained using DSC method, are 60.2 °C for melting point
and 27.9 °C for latent heat. It can be seen that measured
temperature from this work obtained in heating regime is
to some extent higher than those from Ref.%.

Based on the obtained results it can be concluded that
investigated Bi-In-Sn alloys have a small latent heats based
on the weight, but a large latent heats based on the volume.
This is characteristic for many low melting eutectic alloys
based on bismuth and indium®'". Due to the relatively large
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Table 3. Experimentally determined compositions of co-existing phases by EDS analysis and related calculated equilibrium compositions
of solid phases at eutectic temperatures for the investigated Bi—In—Sn eutectic alloys

Phases Compositions of phases (at.%)
Overall exp. .
composition (wt.%) Calc. Exp. Bi In Sn
Calc. Exp. Calc. Exp. Calc. Exp.
53.8%Bi—27.0%In— Biln Biln (Grey phase) 49.4 51.6 50.0 48.4 0.6 0.0
19.2%Sn E, eutectic (Sn) (Sn) (Dark phase) 26.1 7.1 22.9 0.0 51.0 92.9
alloy (Bi) (Bi) (Light phase) 100.0 100.0 0.0 0.0 0.0 0.0
32.0%Bi—51.2%In— Biln, Biln,(Light phase) 32.0 36.8 66.7 63.2 1.3 0.0
16.8%Sn E, eutectic B-In B-In (Grey phase) 8.8 26.8 66.8 61.3 24.5 11.9
alloy v-Sn v-Sn (Dark phase) 162 8.2 40.4 313 43.4 60.5
Table 4. DSC results for the investigated ternary Bi—In—Sn eutectic alloys from this study
DSC results Calculation
Eutectic Latent heat of Eutectic Latent heat of
temperature(°C) melting(J/g) temperature(°C) melting(J/g)
53.8%Bi-27.0%In-19.2%Sn 76.6+0.2 32.6+0.1 76.4 345J/g
32.0%Bi-51.2%In-16.8%Sn 60.8+0.1 25.4+0.1 59.2 26.7J/g

Figure 9. DSC heating curve: (a) 53.8%Bi-27.0%In-19.2%Sn (E,)
eutectic alloy; (b) 32.0%Bi-51.2%In-16.8%Sn (E,) eutectic alloy.

latent heat per unit volume and large density, these alloys
are potentially suitable for applications with the restricted
heat dissipation space, within which the metal PCM can
absorb large amount of heat efficiently®.

5. Conclusion

Two low melting Bi-In-Sn eutectic alloys with potential
for usage as metallic PCM was studied in this work. In the first
part of the work CALPHAD methodology and the optimized
thermodynamic parameters from the latest thermodynamic
optimization of the ternary Bi-In-Sn system was used to
calculate liquidus projection of the ternary Bi-In-Sn system
and to precisely determine compositions of the ternary eutectic
alloys. Next, two ternary Bi-In-Sn alloys with target eutectic
compositions were prepared by melting of pure metals.
Microstructure and chemical compositions of the prepared
alloys were investigated using SEM-EDS technique. Overall
compositions and compositions of co-existing phases were
determined using EDS analysis and compared with the
results of thermodynamic calculations. It was determined
that microstructure of the 53.8%Bi-27.0%In-19.2%Sn alloy
includes Biln intermetallic compound, (Sn) and (Bi) phases.
Microstructure of the 32.0%Bi-51.2%In-16.8%Sn alloy
includes Biln, phase, In-rich B phase and Sn-rich y phase,
which is in agreement with thermodynamic calculations.
Experimentally determined chemical compositions of phases
were compared with equilibrium phase compositions at
eutectic temperature. The results show significant differences
between calculated and experimentally determined phase
compositions in the case of (Sn), § and y phases.

Melting temperatures and latent heat of eutectic melting
were investigated using DSC technique. Five heating cycles
with the heating rate of 5 °C/min in the temperature interval
from room temperature up to 150 °C were performed for
each alloy. Experimentally obtained results were in good
agreement with calculated values. For the 53.8%Bi-27.0%In-
19.2%8Sn alloy, calculated melting temperature was 76.4 °C
and average eutectic temperature of five heating runs was
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76.6 °C Calculated latent enthalpy of melting was 34.5
J/g and average latent heat of melting obtained from DSC
heating runs was 32.6 J/g.

For the 32.0%Bi-51.2%In-16.8%Sn alloy, the average
eutectic temperature from five heating runs was 60.8 °C
which is to some extent higher than related calculated
temperature 59.2 °C. Calculated latent enthalpy of melting
was 26.7 J/g and average latent heat of melting obtained
from DSC heating runs was 25.4 J/g.

The results of experimental and analytical characterization
of low melting Bi-In-Sn eutectic alloys represent contribution
to the better understanding of microstructure and thermal
properties of these alloys as candidate metallic PCMs.
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