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Abstract

Low-melting eutectic alloys represent promising candidates for production of phase change
materials (PCMs). PCMs are widely used in the field of thermal energy storage (TES). The
most important advantages of the low-melting metallic materials as PCMs are their high volu-
metric latent heat and high thermal conductivity. However, essential thermophysical properties
such as melting point, latent heat of fusion, specific heat capacity, thermal conductivity, and
surface tension for many low-melting eutectic alloys are still unknown.

In this study, melting temperature, latent heat of melting and thermal conductivity of
the Bi-Sn-Zn eutectic alloy were experimentally investigated. Melting temperature and latent
heat of melting were determined by using differential scanning calorimetry (DSC) and com-
pared with the results of thermodynamic calculation according to CALPHAD (calculation of
phase diagram) method. Thermal diffusivity of the investigated eutectic alloy at 25°C was
measured by using the xenon-flash method. Based on the experimentally determined thermal
diffusivity and the specific heat capacity obtained by thermodynamic calculation, the thermal
conductivity of the investigated eutectic alloy was determined to be 22.88 + 1.83 Wm ™' K.
In addition, the microstructure of the investigated eutectic alloy was examined using scanning
electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDS).
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Investigation of latent heat of melting and thermal conductivity

1. Introduction

The alloys based on low-melting metals Sn, Zn, and
Bi have been broadly studied and commercially imple-
mented in lead-free soldering [1]. Sn-9Zn eutectic alloy
has melting temperature (198°C) close to that of Sn-
-Pb eutectic alloy (183°C) and exhibits better mecha-
nical properties than the conventional Sn-Pb solders.
The addition of Bi to the Sn-Zn eutectic alloy fur-
ther improves its soldering properties, such as joining
strength, wettability, and lowers the melting tempera-
ture [2, 3.

Phase diagram of the Bi-Sn-Zn ternary system has
been thermodynamically assessed by Malakhov et al.
[4] and Moelans et al. [5]. The latest thermodynamic
optimization of the Bi-Sn-Zn ternary system has been
performed by Vizdal et al. [6]. In that work, authors
incorporated the newest thermodynamic descriptions

of the constitutive binary systems and the results of
experimental studies by Luef et al. [7] and Braga et
al. [8].

Optimized phase diagram by Vizdal et al. [6] re-
veals appearance of one ternary eutectic reaction in
the Bi-Sn-Zn system with the temperature of the eu-
tectic reaction at 131.7°C and eutectic composition
35.5Bi-60.15n-4.4Zn (at.%). The alloy with the exact
eutectic composition corresponds to the alloy with the
lowest melting temperature in the ternary Bi-Sn-Zn
system, and it could be of interest for the development
of metallic phase change materials (PCMs). Phase
change materials (PCMs) are materials with a high
heat of fusion which undergo melting/solidification
process at a constant or nearly constant temperature
and absorb/release thermal energy from/to the sur-
roundings [9]. PCMs have widespread usage in the
field of thermal management and thermal energy stor-
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Table 1. Thermophysical properties of pure metals Bi, Sn, and Zn 15]

Metal  Melting point  Latent heat of fusion Density Specific heat capacity = Thermal conductivity
(°C) (Jg™) (gem™?) (JgT'K™) (Wm™ K™)
Bi 271.4 53.976 9.808 at 25°C 0.122 at 25°C 8.2 at 25°C
Sn 231.9 59.6 7.168 at 25°C 0.205 at 25°C 62.8 at 0°C
Zn 420.0 100.9 7.133 at 25°C 0.382 at 20°C 113.0 at 25°C

age [9-11]. Low melting point metals (LMPMs) and
eutectic alloys are a relatively new category of PCMs
[12-14]. Their key advantages over other types of non-
-metallic PCMs are high thermal conductivity and
high volumetric latent heat [13, 14]. Thermophysical
properties such as melting point, latent heat of fu-
sion, specific heat capacity, and thermal conductivity
for pure metals can be found in reference literature
[15] (Table 1). They are also available for many solder
alloys [16]. However, these data are still unknown for
many low-melting eutectic alloys with potential for
usage in the field of thermal energy storage [12-14].
One of these alloys is ternary Bi-Sn-Zn eutectic alloy,
which is the subject of the present study.

Thus, the aim of this work is an experimental
and analytical investigation of microstructure, melt-
ing temperature, latent heat of fusion and thermal
conductivity for the eutectic alloy from the Bi-Sn-
-Zn ternary system. For this purpose, prepared al-
loy with eutectic composition was studied using SEM-
-EDS, DSC, and thermal conductivity measurements
by using the xenon-flash method. Experimentally ob-
tained results were compared with the results of ther-
modynamic calculation according to the CALPHAD
(calculation of phase diagrams) approach.

2. Materials and methods

The Bi-Sn-Zn eutectic alloy with nominal compo-
sition 35.5 Bi-60.1 Sn-4.4 Zn (at.%) was prepared by
induction melting of pure elements (Bi 99.999 %, Sn
99.99 %, Zn 99.99 %, Alfa Aesar) in the graphite cru-
cible under an argon atmosphere. The mass of the pre-
pared sample was about 4 g. The total mass loss after
induction melting was less than 0.2 %.

TESCAN VEGAS3 scanning electron microscope
with energy dispersive spectroscopy (EDS) (Oxford
Instruments X-act) was used for investigation of mi-
crostructure, and the analysis was carried out using
an accelerating voltage of 20 kV. EDS analysis was ap-
plied for the determination of overall and phase com-
positions of the studied eutectic alloy. SEM images of
the microstructure were recorded on the polished sur-
face of the studied alloy in the backscattered electron
(BSE) mode.

Simultaneous thermal analyzer SDT Q600 (TA In-
struments) was used for measurements of melting tem-

perature and latent heat of melting. Pure metal stan-
dards (In and Zn) were used for temperature and heat
calibrations. Sample mass was about 50 mg, and a
heating rate was 5°C min~!. DSC heating runs were
performed in the temperature interval from 25 to
200°C and repeated five consecutive times to check
the consistency of the results. The reference material
was empty alumina crucible.

Thermal diffusivity was measured by using Dis-
covery Xenon Flash (DXF-500) device. For this pur-
pose, a sample of the investigated Bi-Sn-Zn eutectic
alloy was shaped by hydraulic pressing into a round
disk (12.6 mm in diameter and 2 mm thick with plane-
parallel ground end faces). After pressing, the sam-
ple was annealed at 100°C under an inert atmosphere
for 5h in order to remove the internal stresses cre-
ated during pressing. The DXF-500 device is equipped
with nichrome heating elements and an air-cooled alu-
minium shell [17]. The conducted thermal diffusivity
measurements were performed at 25°C in the vacu-
umed furnace filled with inert gas. The sample tempe-
rature measurements were made by a liquid nitrogen-
cooled IR detector [17].

3. Results and discussion
3.1. Thermodynamic analysis

Thermodynamic calculations were carried out us-
ing CALPHAD method [18, 19] and the optimized
thermodynamic parameters for the Bi-Sn-Zn ternary
system from Vizdal et al. [6], included in the COST
531 database [20]. Results of calculations, obtained
by using Pandat software [21], include liquidus pro-
jection of the Bi-Sn-Zn ternary system, diagram of
phase fractions of stable phases as a function of
temperature, theoretical enthalpy of fusion, and spe-
cific heat capacity for the investigated eutectic al-
loy.

Figure 1 shows the calculated liquidus projection
of the Bi-Sn-Zn ternary system. It includes primary
crystallization fields of (Zn), (Sn), (Bi) solid solution
phases and liquid miscibility gap in the Zn-rich com-
position range. Only one ternary invariant reaction of
eutectic type appears in the Bi-Sn-Zn ternary system.
Eutectic composition corresponds to the point F; at
the presented liquidus projection.
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Table 2. Calculated eutectic temperature and composition of the Bi-Sn-Zn eutectic alloy using the optimized thermo-
dynamic parameters from Ref. [6]

Composition in mole fractions

T (°C) Invariant eutectic reaction
z(Bi) z(Sn) z(Zn)
131.7 Liquid — (Sn) + (Bi) + (Zn) 0.355 0.601 0.044
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Fig. 1. Calculated liquidus projection of the Bi-Sn-Zn
ternary system using thermodynamic parameters from

[6].
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Fig. 2. Calculated phase fractions of stable phases as a
function of temperature for the investigated Bi-Sn-Zn eu-
tectic alloy.

Fig. 3. Calculated temperature dependence of enthalpy for
the Bi-Sn-Zn eutectic alloy.

Calculated eutectic temperature and composition
of the eutectic alloy are given in Table 2.

Calculated diagram of phase fractions of stable
phases as a function of temperature for the eutectic
alloy is presented in Fig. 2.

Figure 2 shows the temperature dependence of
phase fractions for the Bi-Sn-Zn alloy under equilib-
rium conditions. Above eutectic temperature (131.7°C)
Bi-Sn-Zn alloy is fully liquid. At the eutectic tempera-
ture, liquid phase isothermally decomposes according
to the Liquid — (Sn) + (Bi) + (Zn) ternary eutectic
reaction into the eutectic mixture of (Sn), (Bi), and
(Zn) solid solution phases. Immediately below the eu-
tectic temperature, microstructure of the eutectic al-
loy includes a mixture of (Sn), (Bi), and (Zn) phases.
It can be seen that (Sn) phase has the largest phase
fraction followed by (Bi) phase and (Zn) phase has a
very small phase fraction.

Figure 3 shows the calculated dependence of en-
thalpy vs. temperature for the investigated Bi-Sn-Zn
eutectic alloy. It can be noticed that there is a mono-
tonic increase of enthalpy for the eutectic alloy with
temperature increase. This gradual increase is inter-
rupted at the temperatures that correspond to two-
phase transformations. At low temperature, there is
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Table 3. Comparison of the nominal and experimentally determined overall composition by EDS analysis for the inves-
tigated Bi-Sn-Zn eutectic alloy

Alloy composition (at.%)

Bi Sn

7Zn

Nominal EDS Nominal

EDS Nominal EDS

35.5 36.5 £ 0.2 60.1

59.5 £ 0.2 4.4

4.0+ 0.1
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Fig. 4. Calculated dependence of specific heat capacity on
temperature for the Bi-Sn-Zn eutectic alloy.

the change from (aSn) to (8Sn) allotrope. At the eu-
tectic temperature, there is a pronounced rise in en-
thalpy, caused by melting transformation of the al-
loy. Enthalpy change during the melting phase trans-
formation represents enthalpy of melting (AHy,) or
latent heat of melting and is equal to the enthalpy
difference between the liquid and solid alloy at the
melting temperature. According to the results of the
calculation, calculated latent heat of melting for the
Bi-Sn-Zn eutectic alloy is 8059.0 J mol~! (54.3 J g~ 1).
This calculated value of latent heat of melting is com-
pared with the results of DSC measurements in the
following section of the study.

Calculated specific heat capacity dependence on
temperature for the eutectic Bi-Sn-Zn alloy is given in
Fig. 4. Similarly to the enthalpy, the specific heat ca-
pacity of the investigated eutectic alloy increases with
the temperature increase and shows two characteristic
steps at phase transformation temperatures.

Since specific heat capacities of the ternary Bi-Sn-
-Zn alloys have not been experimentally investigated
in previous literature, the accuracy of the specific heat
capacity calculation was checked by comparing calcu-
lated value for the binary Bi-Sn eutectic alloy with

the corresponding known literature value. The calcu-
lated value of the specific heat capacity for the Bi-Sn
eutectic alloy at 25°C is 0.169J g~! K—!, which is in
very good agreement with the widely accepted value
(0.167 Jg=' K1) for the commercial Bi-Sn eutectic
alloy [22]. Thus, it can be concluded that predicted
values of specific heat capacity using optimized ther-
modynamic parameters from [6] own very high accu-
racy.

The calculated value of specific heat capacity for
the investigated Bi-Sn-Zn eutectic alloy at 25°C is
0.178 Jg=! K~!. This value was used for the determi-
nation of thermal conductivity in the next part of the
study (Section 3.4).

3.2. Microstructure investigation

The microstructure of the prepared Bi-Sn-Zn eu-
tectic alloy was studied using scanning electron mi-
croscopy (SEM) combined with energy dispersive
X-ray spectroscopy (EDS).

As the first step, the overall composition of the
alloy was checked by mapping a large part of the pol-
ished surface of the sample (five positions in different
regions of the sample were analysed). Nominal compo-
sition and experimentally determined average overall
composition with standard uncertainties for the in-
vestigated Bi-Sn-Zn sample are shown in Table 3 for
comparison.

As can be seen from Table 3, there is a reasonable
agreement between alloy nominal (target) composition
and corresponding composition determined by EDS
analysis.

Characteristic SEM micrographs of the investi-
gated Bi-Sn-Zn eutectic alloy are given in Figs. 5a,b.
Micrographs of the eutectic alloy reveal a large number
of interconnected and irregularly distributed lamellae
of the (Bi) phase (bright areas) in the fine-grained
matrix based on Sn and Zn (grey areas).

3.3. Measurements of melting temperature
and latent heat of melting

Measurements of melting (eutectic) temperature
and latent heat of melting for the investigated Bi-Sn-
-Zn eutectic alloy were done using differential scanning
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Table 4. Comparison between results of thermodynamic calculation and DSC results for the investigated Bi-Sn-Zn
eutectic alloy

Calculation

Experimental results

Melting temperature Latent heat of melting
(°C) (Jg™)

Melting temperature

Latent heat of melting
("C) (Jg™h)

131.7 54.3

1324 £ 0.1 44.1 £ 0.2

Fig. 5. SEM micrograph of the investigated Bi-Sn-Zn eu-
tectic alloy under different magnifications: (a) 500x; (b)
3000x.

calorimetry (DSC). The eutectic temperature was de-
termined from the extrapolated temperature of the
peak onset [13, 14, 23].

Example of DSC heating curve (obtained in the
third heating run) for the investigated Bi-Sn-Zn eu-
tectic alloy is given in Fig. 6.

Mean values of melting temperature and latent
heat of melting together with related standard uncer-
tainties obtained from repeated DSC heating runs are
presented in Table 4.

Experimentally determined melting temperature
and latent heat of melting for the Bi-Sn-Zn eutec-
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Fig. 6. Example of the DSC heating curve for the investi-
gated Bi-Sn-Zn eutectic alloy.

tic alloy are 132.4°C and 44.1Jg~!, respectively.
Melting temperature obtained by DSC measurements
(132.4°C) is slightly higher than the related calcu-
lated value (131.7°C). Measured latent heat of melting
(44.1J g~ 1) is to some extent smaller than related cal-
culated value (54.3 J g~1). Recently, melting tempera-
ture and latent heat of melting of the ternary Bi-In-Sn
eutectic alloys have been investigated by Manasijevié¢
et al. [13]. By using DSC method under the similar ex-
perimental conditions, they have determined melting
temperature 76.6°C and heat of melting 32.6 J g1 for
the 53.8% Bi-27.0% In-19.2% Sn (wt.%) eutectic alloy.
For the 32.0% Bi-51.2% In-16.8% Sn (wt.%) alloy, de-
termined melting temperature was 60.8°C and latent
heat of melting obtained from DSC heating runs was
25.4J g~ 1. It can be noticed that Bi-Sn-Zn eutectic al-
loy investigated in this work has considerably higher
melting temperature and latent heat of melting than
ternary Bi-In-Sn eutectic alloys.

Based on the results obtained in this study and pre-
viously published results [13, 14] it can be generalized
that Bi-based eutectic alloys have melting tempera-
tures that are very usable in the field of low tempe-
rature operating metallic PCMs. They are also char-
acterized by relatively low values of latent heat based
on the weight compared to the gallium-based eutec-
tic alloys and organic PCMs such as paraffins [11, 12].
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Table 5. Specific heat capacity, density, thermal diffusivity and thermal conductivity of the investigated Bi-Sn-Zn eutectic
alloy at 25°C

Alloy (at.%)
Cp (J g71 Kil)

Calculated specific heat capacity, Calculated density, Thermal diffusivity, Thermal conductivity,
-3
p (gem™)

2 —1

o (mm“s™) A(Wm™t K™

Bi-Sn-Zn alloy 0.178

8.282 15.520 £ 0.466

22.880 £ 1.830

However, their vital characteristic is high latent heat
based on the volume. This fact can be very important
for the practical application of these alloys in the ther-
mal energy storage systems with small working space.

3.4. Determination of thermal conductivity

Thermal conductivity represents one of the most
important thermal properties for the selection and ap-
plication of PCMs. Thermal conductivity determines
the efficiency of the heat transfer during the phase
change. So, the accurate data on thermal conductivity
is an essential precondition for the design and selec-
tion of PCMs. In this study thermal conductivity of
the Bi-Sn-Zn eutectic alloy at 25°C has been deter-
mined by using the xenon-flash method.

Xenon-flash technique [24] is based on uniform ir-
radiation of a disc-shaped sample over its front face
with a very short pulse of energy. The sample’s ther-
mal diffusivity a is calculated using the following
Eq. (1) [17, 24]:

1.37L2 L?

— 01388, 1
T2ty /o t1/2 L

where L represents the thickness of the sample and
t1/2 is the half-rise time, defined as time interval re-
quired for the rear surface temperature to reach half
of the maximal temperature increase.

The specific heat capacity C, of a material repre-
sents the amount of energy required to raise a unit
mass of material by one unit of temperature at con-
stant pressure:

Q
Co = — 7 )
where C}, is specific heat capacity (Jkg™' K1), m is
mass (kg), AT is a change in temperature, and @ is
the amount of energy (J).

In this study, the specific heat capacity of the
investigated Bi-Sn-Zn eutectic alloy was calculated
using optimized thermodynamic parameters from [6]
(Fig. 4).

Based on the measured value of the thermal diffu-
sivity and the calculated specific heat capacity value,
thermal conductivity of the investigated sample was
determined using a relationship given by Parker et al.
[24]:

A = apCy, 3)

where ) is thermal conductivity (Wm™' K1), « is
thermal diffusivity (m%s~1!), p is density (kgm™3),
and C,, is specific heat capacity (Jg= ' K™1).

Alloy density at 25°C is estimated from the density
values of pure constitutive metals [15] using relation-

ship:

100 wt.%Bi  wt.%Sn = wt.%Zn
= + + .

_ _ (4)
PBiSnZn PBi PSn PZn

Calculated density of the investigated Bi-Sn-Zn eu-
tectic alloy at 25°C is 8.282 g cm 2, which is somewhat
lower than reported density for the Bi-Sn eutectic al-
loy (8.56 gcm™3) [12].

The obtained values of thermal diffusivity, specific
heat capacity, and thermal conductivity for the Bi-
-Sn-Zn eutectic alloy at room temperature (25°C) are
given in Table 5. The uncertainty of the thermal diffu-
sivity measurements is estimated to be &+ 3 % and the
uncertainties of the specific heat capacities according
to the thermodynamic calculation and density deter-
mination are estimated to be £ 5% [25]. The total
uncertainty for the thermal conductivity is estimated
to be + 8 %.

The thermal conductivity of Bi-Sn-Zn eutectic al-
loy at 25°C is 22.88 4+ 1.83Wm~! K~!, which is
higher than the thermal conductivity of pure bismuth,
but considerably lower than thermal conductivities of
pure tin and zinc (Table 1). The obtained value of
thermal conductivity for the Bi-Sn-Zn eutectic alloy is
only slightly higher than reported thermal conductiv-
ity for the Bi-Sn eutectic alloy (19 Wm~t K1) [12]
and significantly lower than thermal conductivity of
Sn-Zn eutectic alloy (61 Wm~! K1) [12], and Sn-Ag
eutectic alloy (84.6 Wm~—1 K1) [26].

4. Conclusions

Thermal properties including melting temperature,
latent heat of melting, thermal diffusivity, specific heat
capacity, and thermal conductivity of the Bi-Sn-Zn
eutectic alloy were examined in this study. The com-
position of the investigated eutectic alloy was chosen
according to the latest Bi-Sn-Zn phase diagram pro-
posed in the literature. Based on the obtained results
from this work following conclusions can be made:

— Thermodynamic calculations were successfully
used for the construction of phase fractions vs. tempe-
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rature diagram and for the calculation of theoretical
latent heat of melting and specific heat capacity for
the investigated Bi-Sn-Zn eutectic alloy.

— The microstructure of the investigated eutectic
alloy is characterized by the irregularly distributed
lamellae of the (Bi) phase and the fine-grained mix-
ture of (Sn) and (Zn) phases.

— Measured melting temperature is 132.4 4+ 0.1°C,
which is slightly higher than calculated value 131.7°C.
Experimentally determined latent heat of melting
(44.1 + 0.2 Jg') is lower than the thermodynami-
cally calculated enthalpy of melting (54.3 Jg1).

— Based on the measured thermal diffusivity and
calculated specific heat capacity values, the thermal
conductivity of the investigated alloy at 25°C was
determined to be 22.88 + 1.83 Wm ™! K~!, which is
quite low in comparison with other non-bismuth eu-
tectic alloys.

The results of an experimental and analytical in-
vestigation of the Bi-Sn-Zn eutectic alloy could be use-
ful for deeper insight into the thermal properties of
this alloy as candidate metallic PCM.
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