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Abstract

Thermal properties, including melting temperature, latent heat of melting, specific
heat capacity and thermal conductivity, of a low-melting In-Sn-Zn eutectic alloy were
investigated in this work. The In-Sn—Zn eutectic alloy with nominal composition 52.7In-
44.9Sn-2.4Zn (at.%) was prepared by the melting of pure metals under an argon
atmosphere. The conducted assessment consisted of both theoretical and experimental
approaches. Differential scanning calorimetry (DSC) was used for the measurement of
melting temperature and latent heat, and the obtained results were compared with the
results of thermodynamic calculations. The measured melting temperature and the latent
heat of melting for the In-Sn-Zn eutectic alloy are 106.5+0.1 °C and 28.3+0.1 Jg?,
respectively. Thermal diffusivity and thermal conductivity of the In-Sn—Zn eutectic alloy
were studied by the xenon-flash method. The determined thermal conductivity of the
investigated eutectic alloy at 25 °C is 42.2+3.4 WmK™. Apart from providing insight
into the possibility for application of the investigated alloy as the metallic phase-change
material, the obtained values of thermal properties can also be utilized as input parameters
for various simulation processes such as casting and soldering.

Keywords: In-Sn-Zn system; eutectic alloy; latent heat of melting; thermal
conductivity.
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Introduction

Alloys based on the low-melting metals Sn, Zn, and In have been extensively
studied and commercially used in the field of lead-free soldering [1]. Among many
potential substitutes for the 40Pb-60Sn solder alloy, Sn-rich ternary Sn-Zn-In alloys were
considered as very suitable candidates [2]. MacCormack et al. [3] developed a new Sn-
Zn-In solder alloy and revealed that addition of In into the Sn—Zn alloys could positively
contribute to their wetting characteristics and lower their melting temperatures
appropriately.

Based on the previously published experimental studies [3-5], Cui et al. [2]
performed thermodynamic modeling and calculated thermodynamically optimized phase
diagram of the ternary In—-Sn—Zn system. Because of their practical importance in lead-
free soldering, previous experimental investigations of the In-Sn—Zn alloys were mainly
focused on the Sn-rich alloys [3]. However, obtained results from [2] pointed out to the
existence of one ternary eutectic reaction in the In-Sn—-Zn system with the eutectic
temperature of 106 °C and eutectic composition 52.7In-44.9Sn-2.4Zn (at.%). This
eutectic composition corresponds to the alloy with the lowest melting temperature in the
ternary In-Sn—Zn system, which could be relevant for the development of metallic phase
change materials (PCMs) [6-12].

Thermophysical property data for pure metals and many lead-free solders such as
Sn-Pb, Sn-Bi, Sn-Zn, Sn-Ag, and Sn-Ag-Cu alloys are available in the literature [13-15].
Also, recently, the thermal properties of the eutectic alloys from the Bi-In binary system
and the Bi-In-Sn ternary system have been investigated by Manasijevi¢ et al. [11,12].
However, such data is still not available for many multicomponent low-melting eutectic
alloys with potential usage in the field of thermal energy storage [9-12]. One of these low-
melting alloys is the In-Sn-Zn eutectic alloy which is the research subject of this study.

The focus of this work is put on the thermodynamic assessment and experimental
investigation of thermal properties, including melting temperature, latent heat of fusion,
and thermal conductivity of the eutectic alloy from the In—-Sh—Zn ternary system. The
validity of the carried out thermodynamic calculations was estimated by mutual
comparison of the obtained results and experimental results.

Experimental

Studied In-Sn—Zn eutectic alloy with overall composition 52.7In-44.9Sn-2.4Zn
(at.%) was prepared by induction melting of pure elements (In 99.995%, Sn 99.99%, Zn
99.99%, Alfa Aesar) in a graphite crucible under an argon atmosphere. The mass of the
prepared sample was about 3 g. The overall composition and microstructural
homogeneity of the prepared alloy were checked by SEM-EDS analysis. Melting
temperature and latent heat of melting of the eutectic In-Sn—Zn alloy were measured by
using simultaneous thermal analyzer SDT Q600 (TA Instruments). Applied experimental
parameters were: sample’s mass (50 mg), heating rate (5 °Cmin™) and reference material
(empty alumina crucible).

Discovery Xenon Flash DXF-500 (TA Instruments) apparatus was used for
thermal diffusivity measurements. For that purpose, the sample of the investigated In—
Sn—Zn eutectic alloy was shaped into a round disk (12.6 mm in diameter and 2 mm thick)
by hydraulic pressing. After shaping the sample was annealed at 80 °C under an inert
atmosphere for 5 h and slowly cooled to room temperature. The subsequent thermal
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diffusivity measurement was carried out at 25 °C under argon atmosphere. A liquid
nitrogen-cooled IR detector was used for temperature measurements [16].

Results and discussion

Thermodynamic analysis

The CALPHAD (Calculation of Phase Diagram) method [17,18] was applied for
thermodynamic calculations. Optimized thermodynamic parameters for the ternary In—
Sn-Zn system from Cui et al. [2] included in the COST 531 database [19] and Pandat
software [20] were used in the present study.

The calculated liquidus projection of the selected ternary In—-Sn—Zn system is
presented in Fig. 1. It includes 5 primary crystallization fields of (Zn), (Sn), (In) solid
solution phases, In-rich B phase, and Sn-rich y phase. Three ternary invariant reactions
appear in the In-Sn—Zn ternary system. Two of them are ternary quasi-peritectic or
transition reactions (U-type), and one is a ternary eutectic reaction (E-type).

Sn x(Zn) Zn
Fig. 1. Calculated liquidus projection of the In—Sn—Zn ternary system based on the
optimized thermodynamic parameters from [2, 19].

The calculated eutectic temperature and the eutectic alloy composition are given
in Table 1.

Table 1. Calculated eutectic temperature and composition of the In-Sn—Zn eutectic
alloy using the optimized thermodynamic parameters from [2,19]

Composition in mole fractions

T (°C) Invariant eutectic reaction x(In) X(Sn) x(Zn)
106.0 Liquid —p+y +(Zn) 0.527 0.449 0.024
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By reaching the eutectic temperature (106.0 °C), ternary eutectic reaction Liquid
—B+y+(Zn) occurs, and liquid phase isothermally transforms into the eutectic mixture of
In-rich B phase, Sn-rich y phase, and (Zn) solid solution phase. Right below the eutectic
temperature microstructure of the alloy is composed of a eutectic mixture of B, y and (Zn)
phases. According to the results of thermodynamic calculation, the In-rich B phase has
the most significant phase fraction and (Zn) phase has the smallest phase fraction.

Fig. 2 shows the calculated enthalpy vs. temperature dependence for the
investigated In—Sn—Zn eutectic alloy. It can be seen that the enthalpy of the investigated
In-Sn—-Zn eutectic alloy gradually increases with temperature rise. At the eutectic
temperature, there is a rapid increase in the enthalpy caused by the eutectic phase
transformation. Enthalpy of melting (AHn) or latent heat of melting represents enthalpy
change during the melting of the alloy, and it is equivalent to the enthalpy difference
between the liquid and solid-state of the alloy at the melting temperature. According to
the obtained results, the calculated latent heat of melting for the In-Sn—Zn eutectic alloy
is 2486 Jmol? (21.5 Jgb). This calculated value is compared with the results of DSC
measurements in the latter part of the study.

11000
10000+

9000+
8000+
7000+

6000 AH=2486 Jmol"
5000+

H (Jmol™)

4000+
3000
2000+
1000

0

0 50 100 150 200
T (°C)
Fig. 2. Temperature dependence of enthalpy for the In-Sn—Zn eutectic alloy.

The calculated dependence of specific heat capacity on temperature for the eutectic
In-Sn-Zn alloy is given in Fig. 3. Similar to the enthalpy, there is a gradual increase in
the specific heat capacity of the investigated alloy with temperature increase. At the
eutectic temperature, there is a sharp drop in the specific heat capacity caused by alloy
melting. The calculated value of specific heat capacity at 25 °C (0.233 Jg*K™) was used
for the determination of thermal conductivity for the In-Sn—Zn eutectic alloy. To check
the precision of the specific heat capacity calculation results, they were compared with
experimentally determined values reported by Wu et al. [14]. In the mentioned study [14],
the authors have investigated specific heat capacities of Sn-Zn and Sn-Ag-Cu solder
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alloys using the DSC method and reported value of 0.252 Jg'K* at 30 °C for the Sn-9Zn
(wt.%) solder alloy. This value is in reasonable agreement with the corresponding
calculated specific heat capacity value (0.245 JgK1) from the current study obtained
using the optimized thermodynamic dataset. Based on the conducted comparison of the
results, it can be concluded that the calculated specific heat capacity values from this work
are to a large extent, supported by the existing experimentally obtained data.
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Fig. 3. Calculated dependence of specific heat capacity on temperature
for the In-Sn—Zn eutectic alloy

Measurements of melting temperature and latent heat of melting

Melting temperature and latent heat of melting represent thermal properties of
crucial importance for the design and selection of PCMs. For the majority of low-melting
metals and alloys, values of latent heat of melting are generally low (lower than
100 Jg1), which represents their severe drawback compared with other kinds of PCMs.
In this work, melting (eutectic) temperature and latent heat of melting of the investigated
In-Sn-Zn eutectic alloy were studied using the DSC technique. The determination of the
melting temperature was done based on the extrapolated temperature of the DSC peak
onset [11,12,21]. DSC heating runs were repeated five times and average values of the
melting temperature and latent heat were calculated using the obtained results of the
repeated tests.

An example of a DSC heating curve for the investigated In-Sn—Zn eutectic alloy
is given in Fig.4.
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Fig. 4. DSC heating curve for the investigated In—Sn—Zn eutectic alloy

Table 2 presents a comparison between the experimental results and the results of
a thermodynamic calculation. The average value of eutectic temperature and latent heat
of melting together with standard uncertainties evaluated from the five repeated tests are
presented in Table 2.

Table 2. Results of thermodynamic calculation and DSC measurements
for the In-Sn—Zn eutectic alloy.

Calculation DSC results
Eutectic Latent heat of Eutectic Latent heat of
temperature melting temperature melting
G (gh) Q) (gt
106.0 21.5 106.5+0.1 28.3+0.1

The experimentally determined melting temperature and the latent heat of melting
for the In-Sn-Zn eutectic alloy (106.5 °C and 28.3 Jg*, respectively) are somewhat
higher than the corresponding calculated values (106.0 °C and 21.5 Jg*%). The
experimentally obtained latent heat of melting for the In—-Sn—Zn eutectic alloy is
somewhat lower than the corresponding value for the binary Sn-Zn alloy (32.5 Jg?)
published in [9]. Values of melting temperature and latent heat of melting for two ternary
Bi-In-Sn eutectic alloys i.e. BissslnzzoSnie2 (Wt.%) (76.6 °C and 32.6 Jg') and
Biszolns12Sniss (Wt.%) (60.8 °C and 25.4 Jg') have been recently reported by
Manasijevic et al. [12]. It can be noticed that In-Sn—Zn eutectic alloy investigated in this
work has a considerably higher melting temperature than the ternary Bi—In—-Sn eutectic
alloys. However, latent heat of melting for the In—-Sn—-Zn eutectic alloy determined in this
work (28.3 Jg?) is comparable with those of Bi-In-Sn eutectic alloys [12].
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Thermal conductivity determination

The characteristic of PCMs is that they store and release thermal energy in the form
of latent heat when they change between their solid and liquid states. Hence, for the phase
change to take place, the heat must flow into or out of the PCM. Therefore, the efficiency
of the heat transfer during the phase change directly depends on the thermal conductivity
of the PCM. It is known that metallic PCMs generally have very high thermal
conductivities, which are much higher than thermal conductivities of other types of
nonmetallic PCMs such as paraffin, fatty acids or salt hydrates [10]. This is undoubtedly
their main advantage over the other types of PCMs. Thus, accurate data on the PCM
thermal conductivity is of significant importance.

In this study, the thermal conductivity of the investigated In-Sn—Zn eutectic alloy
was determined by using the xenon-flash technique [22].

Xenon-flash technique is based on direct measurement of the thermal diffusivity
(o) of a disc-shaped specimen that is uniformly irradiated over its front surface with a
very short pulse of energy coming from the flash lamp.

The determination of thermal diffusivity is based on the following equation
proposed by Parker et al. [22]:

2 2
a=23"1 01388 1
7Yy, by,

where L represents the thickness of the sample and ty, is the half-rise time, defined
as time interval required for the rear surface temperature to reach half of the maximal
temperature increase.

Specific heat capacity of the investigated In-Sn—Zn eutectic alloy was calculated
using optimized thermodynamic parameters from the literature [2].

Based on the measured thermal diffusivity, and the calculated specific heat
capacity, the thermal conductivity of the investigated sample was determined using the
following equation [16,22]:

A=apCp 2

where A is thermal conductivity (Wm™K™), o is thermal diffusivity (m?s?), p is
density (kgm®), and Cp is specific heat capacity (Jg*K™1).

The alloy density (p) at 25 °C was determined by using the Archimedes method
[23].

The obtained values of thermal diffusivity, density, specific heat capacity, and
thermal conductivity for the In-Sn—Zn eutectic alloy investigated at 25 °C are
summarized in Table 3. The total standard uncertainty (0.68 level of confidence) for the
thermal conductivity is estimated to be + 8% [23].
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Table 3. Specific heat capacity, density, thermal diffusivity, and thermal conductivity of
the investigated In-Sn—Zn eutectic alloy at 25 °C

Specific | Density, p | Thermal Thermal
Alloy (at.%) heat (gem™®) | diffusivity, | conductivity, A
capacity, a (WmK?)
Cp (mm?s?)
(JgK?)
52.7In-44.9Sn-2.4Zn 0.233 7.236 25.010 42.2+3.4

The determined thermal conductivity of the In-Sn—Zn eutectic alloy at 25 °C
(42.2+£3.4 WmK™1) is significantly lower than thermal conductivities of pure constitutive
metals In (83.7 WmK-1), Sn (62.8 WmK™!) and Zn (113.0 WmK-1) [13] as well as that
of Sn—Zn eutectic alloy (61 WmK-1) [9]. However, it is higher than reported thermal
conductivities of In-Sn solid eutectic alloy (34 WmK-1) [24] and In-Sn liquid eutectic
alloy at 250 °C (28.8 WmK?) [25]. In a recent study [26], the thermal conductivity of
the low-melting Bi—Sn—Zn eutectic alloy at room temperature has been measured under
similar experimental conditions. The reported value of 22.9+1.9 Wm™K is considerably
lower than the thermal conductivity of the In-Sn—Zn eutectic alloy obtained in the present
research.

Conclusion

Low-melting alloys represent a new kind of PCMs that have been extensively
studied. However, for many low-melting alloys, there is still a lack of reliable
thermophysical data in the literature. As a contribution to fully understand
thermophysical properties of In-based low melting alloys as PCMs candidates, the In—
Sn-Zn eutectic alloy was investigated in this study. Important thermal properties such
as melting temperature, latent heat of melting, thermal diffusivity, specific heat capacity
and thermal conductivity of the In-Sn-Zn eutectic alloy were examined. The
composition of the investigated eutectic alloy was chosen using the thermodynamically
assessed In-Sn—Zn phase diagram. The thermodynamic analysis was used for the
calculation of theoretical melting temperature, latent heat of melting and specific heat
capacity. Using DSC measurements, the corresponding melting temperature and latent
heat of melting of the In—Sn—Zn eutectic alloy were experimentally determined. The
measured melting temperature is 106.5+0.1 °C, which is in a close agreement with the
calculated value of 106 °C. The latent heat of melting determined by DSC measurements
is 28.3+0.1 Jg't, which is somewhat higher than the thermodynamically calculated value
(21.5 Jg'). Based on the measured thermal diffusivity and calculated specific heat
capacity value, the thermal conductivity of the investigated alloy at 25 °C was found to
be 42.2+3.4 WmK1,
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