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Abstract: In this study, the contribution of phonon to the thermal conductivity in the In-Bi (Indium-Bismuth) system
due to its composition variation was determined from their electrical and thermal conductivity measurements. Because
of the common usage of In-Bi system in many technological applications, thermal and electrical conductivity
variations with temperature for different compositions of Bi component were measured. Four-Point Probe (FPP) and
Linear Heat-Flow (LHF) methods were used for electrical and thermal conductivity measurements respectively.
Intermetallic systems' electrical conductivity values were determined between 0.8524 (1/Q m) x10° and 2.8381(1/Q
m) x10® and thermal conductivity values were found between 14.50 (W/Km) and 35.93 (W/Km) at the melting
temperature. Electron and phonon contributions to the thermal conductivity were calculated by using Wiedemann-
Franz Law (WFL) from the measured values. The temperature coefficients values (o) of electrical and thermal
conductivity were calculated between 0.46-2.54 (K1) x10% and 1.29-4.34 (K'Y) x1073 respectively. In order to observe
microstructure of the Bi-In intermetallic alloy Scanning Electron Microscopy (SEM) and to determine the
composition of the phases in the structures, Energy Dispersive X-Ray Analysis (EDX) were used. Also melting
temperatures (349.03 K-387.24 K), enthalpy of fusion (17.97 J/g- 42.37 J/g) and specific heat change (0.159 J/gK-
0.372 J/gK) of Bi-In alloy systems were measured by using Differential Scanning Calorimeter (DSC).

Keywords: Microstructure, Electrical properties, Thermal properties.

BI-IN SISTEMINDE ELEKTRIKSEL VE ISIL iLETKENLIK VE ISIL iLETKENLIGE
FONON KATKISI

Ozet: Bu ¢aligmada, elektriksel ve sl iletkenlik dliimleri kullanilarak 1sisal iletkenlige fonon katkist kompozisyon
degisimine bagl olarak belirlenmistir. In-Bi sistemlerinin bir¢ok teknolojik uygulamalarda yaygin olarak kullanilmasi
sebebiyle farkli kompozisyonlardaki Bi bilesimlerinin sicaklia bagli elektriksel ve 1sil iletkenlik degisimleri
Olciilmiistiir. Elektriksel ve 1sil iletkenlik dl¢limlerinde sirasiyla Dort Nokta Prob (FPP) ve Lineer Is1 Akisi (LHF)
yontemleri kullanilmigtir. Erime sicakliginda, intermetalik sistemlerin elektriksel iletkenlik degerleri 0.8524 (1/Q m)
x10% ve 2.8381(1/Q2 m) x10° arasinda ve 1sisal iletkenlik degerleri 14.50 (W/Km) ve 35.93 (W/Km) arasinda
bulunmustur. Olgiilen degerlerle, Wiedemann-Franz Kanunu (WFL) kullanilarak, 1s1l iletkenlige elektron ve fonon
katkis1 hesaplanmustir. Intermetalik alasim sistemleri igin, elektriksel ve 1s11 degerlerin sicaklik katsayilar (o) sirasiyla
0.46-2.54(K1) x10° ve 1.29-4.34 (K)x10® arahginda hesaplanmustir. Bi-In Intermetalik alasim sistemlerinin
mikroyapilari1 gozlemlemek i¢in Taramali Elektron Mikroskobu (SEM) ve yapilardaki fazlarin kompozisyonlarini
belirlemek i¢in, Enerji Dagitict X-Isin1 (EDX) analizi kullanilmistir. Bi-In alagim sistemlerindeki erime sicakliklari
(349.03 K-387.24 K), fuzyon entalpisi (17.97 J/g- 42.37 J/g) ve spesifik 1s1 degisimi (0.159 J/gK-0.372 J/gK)
Diferansiyel Taramali Kalorimetre (DSC) ile 6l¢tilmiistiir.

Anahtar Kelimler: Mikroyapi, Elektriksel 6zellikler, Isil zellikler.



NOMENCLATURE
In Indium

Bi Bismuth

Zn Zinc

Ag Silver

Sh Antimony
Sn Tin

wt. Weight

mm Milimeter
mL Mililiter

g Gram

FPP Four-point probe

LHF  Linear heat flow

WFL  Wiedeman Franz law

SEM  Scanning electron microscopy

EDX  Energy dispersive X-ray

DSC  Differential scanning calorimeter

Kierma  Total thermal conductivity

Ke Electron  contribution to the thermal
conductivity

Koh Phonon  contribution to the  thermal
conductivity

o Electrical conductivity

OETC Eectrical conductivity's temperature coefficient

To Set reference temperature

oo Electrical conductivity at Temperature Tg

RCF  Resistivity correction factor

\Y/ Voltage

| Current

A Amper

K Kelvin

G Coefficient that includes the surface geometric
boundaries and thickness of the sample.

S The difference between probes,

t The thickness of the sample

d The diameter of the sample.

Q Input power

A Cross-sectional area of the specimen

AT Temperature difference

AX Distance between two measurement points

H Enthalpy

ACp The change of specific heat

Twm The melting temperature

Tmax Peak temperature

Tend End temperature

Tonset  Onset temperature

INTRODUCTION

Electrical and thermal conductivity values are very
crucial parameters for intermetallic and metallic alloy
systems owing to their wide variety of the use in
practical application in industry and electronics. In
reported works, there is no detailed investigation and
explanation about thermal and electrical conductivities
of intermetallic alloy systems. Therefore, providing
thermal and electrical conductivity values for
intermetallic alloy systems will be beneficial for
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researchers. In this work, seven different intermetallic
compositions of Bi-In system were chosen to measure
the electrical and thermal conductivities.

The thermal conductivity of a material can be defined as
the rate of heat transfer through an unit thickness of the
material per unit area per unit temperature difference. In
solids, heat conduction depends on two effects: the
lattice vibrational waves induced by the vibrational
motions of the molecules positioned at relatively fixed
positions in a periodic manner called lattice, and the
energy transported via free flow of electrons in solid.
The thermal conductivity of a solid is obtained by
adding the lattice and electronic components. Thus, the
total value of thermal conductivity (K) can be identified
with the equation below.

1
K themal :g ch v, | @)
j

Here j shows sort of the carrier, Cj means specific heat
per unit volume, v; is the velocity of the carrier and I; is
mean free path.

In a metal, major heat carriers are electrons and
phonons. The total thermal conductivity can be written
as the sum of both electron and phonon contributions as
shown below;

K K

thermal — e

+ K (2)

ph

here K. is the electron contribution and Kp is the
phonon contribution (Touloukian et al., 1970). In pure
metals, the electrons' contribution is bigger than the
phonons'. However, in impure metals they are nearly
same (Kittel, 1965).

The value K. can be calculated by using the Wiedeman
Franz Law (WFL) (Kittel, 1965) as shown in Eq. (3).
Here o is the electrical_conductivity value, L is Lorentz
number that equals to 2.44x108WQK? (Kittel, 1965)
and T is the given temperature value.

e 17
(o)
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The main idea behind of this research was to calculate
the phonon contribution in binary alloys. In order to
determine this contribution, we measured the variation
of the electrical and thermal conductivity with respect
to different temperatures by using Four-Point Probe
(FPP) and Linear Heat Flow (LHF) methods. The
electron contribution to thermal conductivity (K¢) was
calculated from WFL at given temperature by the help
of calculated electrical conductivity (o) values. Then
the phonon contribution (Kpn) was calculated by Eq. (2)
providing K¢ and Kierma Values which were obtained
before.


http://en.wikipedia.org/wiki/Electrical_conductivity
http://en.wikipedia.org/wiki/Temperature

In the present work, Bi-12 wt.% In, Bi-15 wt.% In, Bi-
35.4 wt.% In, Bi-45 wt.% In, Bi-47.6 wt.% In, Bi-53
wt.% In, Bi-62 wt.% In binary alloys' thermal and
electrical conductivity values were measured.

It is difficult to produce wires or sheets by using Bi-
based alloys because of bismuth’s brittle nature and its
tendency to segregation. Therefore, Bi-based alloys are
inappropriate  for many technological applications.
Although some particular compositions of Bi-In binary
alloys are used for lead-free solders owing to their low-
melting point (Sun et al., 2014; Takahashi et al., 1977;
Sammes et al., 1999; Jiang et al., 2002). Bi-In based
ternary alloys including Zn, Ag, Sb and Sn are mostly
used as lead-free solders in electronical industry. Bi-In-
Sn is the most promising one within these ternary alloy
systems. The mechanical properties improve
significantly by adding Sn into the Bi-In binary alloy. At
the previous studies (Pandher and Healey, 2018;
Pandher et al., 2007; Huang and Wang et al., 2005; Liu
and Shang, 2001; Zhao et al., 2004; Cheng at al. 2017),
it has been found that adding Bi to lead-free solders has
healing properties in alloys such as wettability, solder
spreading, and reducing melting temperature and Bi can
reduce the surface tension of the alloy compared to Sn.
However, there are several binary and eutectic
compounds that have low melting points as a result of
melting in the Bi-In system. At a relatively high
operating temperature of some soldering interconnects,
serious problems arise regarding the effect of reaction
products at the solder/substrate interface on the
performance and reliability of the connections. Even
small changes in the chemical composition of the
interface between solder alloy and substrate, can lead to
large changes in macroscopic behavior of soldered zone.
Hence this effects the reaction behavior and
morphological evolution of the solder-substrate system
and therefore further progress in these areas become
difficult (Biglari et al., 2018). In addition to use of Bi-In
intermetallic compounds containing Zn in the
production of alkaline batteries, Bi-In amalgams have
been used to improve the properties of the fluorescent
lamps. Thus, the knowledge of thermophysical
properties of the Bi-In based ternary alloys, which have
many technological applications, are very crucial (Sun et
al., 2014; Takahashi et al., 1977; Sammes et al., 1999;
Jiang et al., 2002; Rudnev et al., 2003; Yang et al.,
2011; Liu et al., 2010; Bencze, 2006; Vizdal et al.,
2007; Yang and Messler, 1994). In this study, in order to
contribute to the thermophysical properties of Bi-In
based ternary alloys, electrical and thermal
conductivities of seven different intermetallic phases of
Bi-In binary alloy have been investigated. These
intermetallic phases of the Bi-In binary alloy system are
Bisln, BisIn, Biln, Bizlns, Bislns, Biln, and Bilns (ASM,
1992). In order to obtain these metallic phases, the
compositions of Bi-In binary alloys were chosen as Bi-
12 wt.% In, Bi-15 wt.% In, Bi-35.4 wt.% In, Bi-45 wt.%
In, Bi-47.6 wt.% In, Bi-53 wt.% In, Bi-62 wt.% In by
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the help of phase diagram in previously published work
(ASM, 1992).

In this study, the first step was to measure electrical and
thermal conductivity variations with temperature. The
second step was to obtain the phonon contribution to
thermal conductivity. Finally, the microstructure and
structural characteristics of Bi-In intermetallic alloys
were investigated by using Scanning Electron
Microscopy (SEM), Energy Dispersive X-Ray Analysis
(EDX) and Differential Scanning Calorimeter (DSC).

EXPERIMENTAL PROCESS
Production of the samples

Bi-12 wt.% In, Bi-15 wt.% In, Bi-35.4 wt.% In, Bi-45
wt.% In, Bi-47.6 wt.% In, Bi-53 wt.% In and Bi-62
wt.% In alloys were prepared in a vacuum furnace
system. Graphite crucibles that used in production, are
drilled with 50 mm depth and 8 mm diameter for
thermal conductivity —measurements. During the
experimental process, an alumina tube was used to
facilitate the insertion of the thermocouples that used to
determine the temperature difference into the sample.
For this reason, 1.2 mm diameter hole was drilled at the
rear end of the sample crucible. The sample crucibles
that used for electrical conductivity measurements were
also processed on a lathe to be 50 mm depth and 4 mm
in diameter. Two different castings were made for both
electrical and thermal conductivity measurements.
Metals with 99.9% purity were melted in a vacuum
melting furnace. The melted metals were stirred at
regular intervals to form an alloy. The molten alloy was
placed in a heated casting furnace for unidirectional
solidification and left to solidify for one day. Also the
same process was repeated for the production of the
other alloy systems. The produced alloys have been
prepared for the measurements and analyzes by cutting
them in appropriate sizes according to their usage areas
like thermal and electrical conductivity, microstructure

and thermal properties. The samples used for
conductivity measurements were prepared under
directionally  solidification. The details of the

experimental system can be found in Refs Gundiiz and
Hunt (1985), Marash and Hunt (1996), Akstdz (2013).

Microstructure of the Systems

In order to observe microstructure and determination of
the phases in the sample, SEM was used for different
compositions of the In-Bi alloy system. Well-known
metallographic process as polishing and etching were
used to pick out the different phases in the
microstructure. Bi-12 wt.% In, Bi-15 wt.% In, Bi-35.4
wt.% In were etched for 5-10 seconds in the mixture of
20 mL hydrogen chloride, 4 g picric acid and 400 mL of
ethanol. Bi-45 wt.% In, Bi-47.6 wt.% In, Bi-53 wt.% In,
Bi-62 wt.% In were etched for 5-10 seconds in proper
solution prepared with 1.3 g of potassium dichromate,



4.3 mL of sulfuric acid, 2.7 mL of sodium chloride, 17.7
mL of hydrogen fluoride, 8.8 mL of nitric acid and 66.3
mL of water. SEM images of the microstructures and
EDX analysis of the In-Bi alloy samples with different
composition were carried out to obtain the phases of Bi-
In intermetallic alloys. As an example, in Figure 1, SEM
image and EDX analysis results are given together for
Bi-12wt. %In system.

Region: Intermetallic Phase (Bis In
Elmt. Elmt.(at. %)  Elmt(wt. %)
Bi 81.31 88.79
In 18.69 11.21

Bi-12wt.% In

Region: Bi Phase

Elmt. Elmt.(at. %) Elmt. (wt. %
Bi 95.60
In 4.40

9227
773

Figure 1. The chemical composition analysis of Bi-12 wt.% In
alloy by using EDX.

Electrical Conductivity

Electrical conductivity is an essential characteristic for
metallic alloy systems and affected by many parameters
such as impurities, heating process, grain size and
plastic deformation. However, the temperature and the
chemical composition affect the electrical conductivity
more than other parameters (Rudnev et al., 2003).

The vibration of the atoms increases with the increasing
of the temperature and these vibrations result in some
dislocations (Meydaneri et al., 2012). Probability of the
electron waves deviation increases owing to the
dislocations that are formed in the corners of the blank
lattice, grain boundaries, and via substituted atoms
(Onaran, 2009). These dislocations result in increasing
inelastic collisions between electrons-phonons and mean
free path decreases with increasing collisions. So,
electrical resistivity of the metal increases and electrical
conductivity decreases by the rise in temperature. The
dependency of electrical conductivity to the temperature
is shown in Eq. (4)

o(T) = oL+ aerclT —To] )
where, agrc is electrical conductivity's temperature
coefficient, Ty is the set reference temperature (generally

room temperature), oo is the conductivity at temperature
To. o value can be expressed as;

-0, _140

=—— 70 _ 5
Y T o (T-T,) oo AT ©
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The resistivity of a sample in FPP system as shown in
Figure 2 can be written aS

V
p= RCF —measured (6)

measured

here RCF called resistivity correction factor which is
obtained from thickness, the size of structure, electrode
and the position of electrodes (Valder, 1954). Electrical
resistivity is calculated by measuring the current and
voltage values of four probes that positioned with a
distance of 1 mm. Two inner probes measure voltage
(V) and outer two probes measure current (I) values.

,«9‘\6&’
&5

Solid sample (Iongifudinal section)

Figure 2. The schematic diagram of four-point probe method
used for measuring electrical resistivity/conductivity.

The geometric properties of the materials are also
important for determining the electrical resistivity values
of the materials. The electrical resistivity expression is
given as;

()
l1a

where G is a coefficient that includes the surface
geometric boundaries and thickness of the sample. The
geometry of the samples are discs with a thickness t and
a circle geometry of diameter d. The dimensions of these
discs and the distance s between the terminals are
measured. Also the ratios of geometry are calculated.
Looking at these rates, it is seen that s>1 and d / s <40.
In this case, the required geometric correction factor is
calculated by the following equation.

G = 27sF4(t/s)F2(d/s) (8)
where s is the difference between probes, t is the
thickness and d is the diameter of the sample. F1 and F
are correction functions (Yilmaz, 2008). In order to
determine the electrical resistivity value, the cast alloys
are cut in 35 mm length in the precision cutting device
and made ready to be placed in the FFP system. FPP



system consists of Keithley 2400 programmable power
supply, Keithley 2700 multimeter, Proterm ash furnace
and a computer. For each sample the electrical
resistivity values were calculated by writing the current
and voltage values that measured from the FPP system
into Eq. (7). Electrical resistivity values were
determined with approximately 5 % error.

Thermal Conductivity

In this study, a LHF apparatus which can reach up to
673 K and can be set to the desired temperature has
been used to measure the thermal conductivity of solids.
The system has three parts called hot-stage, cold-stage
and sample holder as shown in Figure 3. The specimen
is heated from one side by using the hot stage in steps of
20 K up to approximate 10 K below the melting
temperatures of the materials and the other side of the
specimen was kept cool by using a cold stage to get
linear temperature gradient. The hot-stage is composed
of two brass plates, which are heated by NiCr wires. A
transformer was placed in the supply circuit to maximize
the thermal stability of the hot-stage, stepping the
maximum current down to 4 A. The temperature of the
hot-stage was controlled with an accuracy of £0.01 K
with a Eurotherm 2604 type controller. The cold-stage's
design is similar with the hot-stage. However, cooling is
accomplished by using a Poly Science digital 9102
model heating/refrigerating circulating bath that contains
an aqueous ethylene glycol solution.

Power input

Measurement
thermocouples

Transformer

Temperature
controller

Figure 3. Block diagram of linear heat flow apparatus used for
measuring thermal conductivity.

The baths temperature were kept constant at 278 K with
an accuracy of + 0.01 K. The distance between the hot
stage and cold stage was kept by 10 mm to get a linear
temperature gradient into specimen. Sample holder
consists of two copper plates. To place the specimen
between the hot and cold stages and get good heat
conduction trough to specimen, two holes were drilled at
cross sections of cold and hot copper plates. At the same
time, a hole was also drilled to insert the measurement
thermocouples into specimen. The ends of specimen
were tightly fitted into holes at cold and hot copper
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plates. Thermocouples were then placed into specimen
by inserting thermocouples through the hole of cold
plate. Then, top and bottom copper plates include the
specimen were placed together into hot and cold stages
(Glindiiz and Hunt,1985; Marash and Hunt, 1996;
Valder, 1954; Ocak et al., 2008; Ata Esener et al., 2019;
Akbulut et al., 2008; Akbulut et al., 2009; Keslioglu et
al., 2006; Karadag et al., 2018; Altintas et al., 2016;
Pietenpol and Miley, 1929).

The thermal conductivity (K) at steady-state condition
could be determined by the one-dimensional Fourier-
Biot equation, (Kittel, 1965; Touloukian et al., 1970)

__QAX
AAT

©)

here Q is the input power and A is the cross-sectional
area of the specimen. AT =T, —T,is the temperature

difference and AX =X, — X, is the distance between
two measurement points.

To have a constant linear temperature gradient at the
LHF system, while one side of the specimen was heated
with a hot stage and the other side of specimen was
cooled by the help of cold stage. The specimen has been
kept for at least two hours to reach equilibrium at each
measurement temperature.

One has to measure Q, A, AT and AX, to evaluate the
thermal conductivity of a binary alloy system from Eq.
(9. Q was determined for every measurement
temperature by measuring the input power given into the
linear heat flow system for without (Qwos) and with
specimen (Q,,)- The cross-sectional area of the

specimen (A= Tcrz) was calculated by measuring the
radius of the specimen. The temperature difference (AT)
between two thermocouples was determined via a data-
logger. The distance between two measurement points
(AX) was determined from the photos of the
thermocouple’s positions. After the measurement of A,
Q= Qws - Qwos, AT and AX values, the thermal
conductivities of Bi-In intermetallic alloy systems were
determined from Eq. (9).

For solid phase, the temperature dependency of the
thermal conductivity is given as (Touloukian, 1970;
Callendar and Nicolson, 1897)

Ks = Kso[L+ arrrc(T = To)] (10)

here Ks and Ksp are thermal conductivity values of the
solid phase at temperature T and reference temperature

To, respectively and arrc is thermal temperature
coefficient. By using Eq. (10),
Ks — Ks0 1 AK
dTTC = = — (12)

KsO(T-T0) KsO AT



AK
can be written. The i expression is the slope of the

graph of thermal conductivity with temperature. So arrc
can be determined by Eq. (11) with the help of this
graph.

Experimental error in measuring thermal conductivity is
equal to the sum of the uncertainties in the
measurements of the heat flow rate, the temperature
difference, the cross sectional area of the sample and the
thermocouple locations. The total uncertainty in the
measurements of thermal conductivity in this study is
approximately 9%, since there is an error of around 5%
from the heat flow rate, around 2.5% from the
measurement of temperature differences, around 0.5%
from the measurement of the cross-sectional area and
around 0.3% from the fixed distance measurement.

The Enthalpy of Fusion and the Specific Heat
Change of the Materials

The specific heat of a material (at a constant pressure) is

given as
(5)
arly

By integration of Eq. (12), the enthalpy of a material,
can be obtained as (H=0 at 298 K)

C

, (12)

T

H=[_ CpdTl

gg P (13)
During the phase transformation from solid to liquid
phase with given heat, the temperature of the sample
doesn’t increase. This heat has been called enthalpy of
fusion or latent heat of melting and used to transform
from solid to liquid phase. The enthalpy of fusion can be
given as

AH %= AC, Ty 14)
here ACp is the change of specific heat and Tw is the
melting temperature. Since the enthalpy of fusion and
the specific heat of Bi-In alloys are necessary for
practical application in industry, these parameters have
been measured in present work. Bi-In intermetallic
alloys have been heated by using a Perkin Elmer
Diamond model DSC with a heating rate of 10 K/min up
to 823 K. The variations of heat flow with temperature
for Bi-In intermetallic alloys.

RESULTS AND DISCUSSION

Microstructure

Different amounts of In were added to the Bi-[x] wt.%
In systems in order to improve the properties of them.
The amounts of In in the Bi-[x] wt.% In system were
chosen from the phase diagram (ASM, 1992) as 12, 15,
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35.4, 45, 47.6, 53 and 62 wt.%, respectively. By
scanning every region of the used phase diagram (ASM,
1992), changes in the microstructure were observed with
the dependence of In amount.
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Figure 4. The thermal conductivity variations with
temperature and microstructure images for Bi-In intermetallic
alloys.

As can be seen in SEM images of Bi-53wt.% In and Bi-
62wt.% In alloys, as the amount of In in alloys
increases, the intermetallic Biln is less observed. The
pattern for Bi-45 wt.% In alloy indicate two phases,
BizIns intermetallic phase and a secondary phase of
Biln, intermetallic phase. The matrix phase with the
dark grey colour is BizIns, the dark needle like and
platelet phase is the Biln, intermetallic phase as shown
for Bi-62wt.% In alloy, too. Bi-47.6 wt.% In alloy show
simple structure that Bislns phase is homogenously
dispersed in the Bi-rich phase y. Bi-62 wt.% In has
fewer of the Biln intermetallic phase than Bi-35.4 wt.%
In alloy. But it has different intermetallic phase which
the white platelet is the Bilnz. EDX results show that Bi,
v (Bi Rich), Bisln, Bisln, Biln, Bizlns, Bizlns, Biln; and
Bilns phases were determined respectively in compatible
with the phases on the phase diagram (ASM, 1992).



The Enthalpy of Fusion and the Specific Heat
Change of Material

The variations of heat flow with temperature for Bi-In
alloys have measured by DSC equipment and the graphs
have been given in Figure 5.
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Figure 5. The heat flow versus temperature curve for Bi-In
intermetallic alloys at heating rate of 10 K/min.

Onset, maximum and end peak temperatures, the pasty
range temperature, enthalpy and specific heat for
melting progress were calculated from the Figure 5 and
given in Table 1. Melting points of the Bi-[x] wt.% In
(x=12, 15, 35.4, 45, 47.6, 53 and 62) alloys decreases
with of In concentration, and the pasty ranges of the
alloys are enlarged simultaneously.

As seen from Table 1, the increment in transition
temperature range is considered as a disadvantage.
Because when phase transition temperature range is
increased, the soldering wire may be solidified later than
expected. However, at this point it is also an advantage
because of decreasing the melting temperature. The
specific heat change for Bi-[x] wt.% In (X=12, 15, 35.4,
45, 47.6, 53 and 62) alloys are calculated and presented
in Table 1.

In Figure 5, two peaks were observed from the DSC
curves of Bi-15 wt.% In ve Bi-47.6 wt.% In alloy
systems. When the Bi-In phase diagram is examined for
the Bi-15 wt.% In alloy, the melting temperature of
BisIn intermetallic is observed approximately 382.7 K.
It was concluded that the sharp peak in the DSC curve is
intermetallic Bisln. The curve where the peak
temperature arises to 355.171 K was considered as Bi
phase. The peak temperature for the Bi-47.6 wt.% In
alloy system was analysed as 368.11 K. From the phase
diagram, it was observed that there is an intermetallic
Bislns phase with a melting temperature of 363 K. It was
concluded that the curve with the peak temperature of
364.88 K is the y1 phase which is rich in Bismuth.
Although one sharp peak was observed in other alloys,
two phases were revealed in the microstructures. Since
the phases in the Bi-12wt.% In alloy remain in the same
curve and the Bi-[x] wt.% In (X=35.4, 45, 53 and 62)
alloys are close to the eutectic point, it is thought that
the phases exposed in the microstructure are coincident
in the peaks in the DSC curves. Therefore, it is
concluded that the coincident phases have the same
thermal properties.

Table 1. Some thermodynamic properties of the Bi-In binary alloys as a function of In content.

End .
.. Onset Peak Temperature,  AT=Teng —Tonsee Enthalpy of Specific H eat
Composition (wt.%) Temperature, Temperature, Toua () Fusion (J/g) of Fusion
Tonset (K) Tnax (K) (fg) J/gK)
Bi-12 In 383.84 385.78 386.78 2.94 17.97 0.159
Bi 354.43 355.17 355.98 1.55 0.003 0.364x10"
Bi-15In
Bi:In 38247 384.61 385.54 3.07 25.14 0.225
Bi-35.41In 384.27 387.24 388.23 3.96 42.37 0.371
Bi-45In 366.18 368.27 370.84 4.66 35.36 0.372
vl 363.38 364.88 365.62 2.24 0.40 0.004
Bi-47.6 In
BisIns 365.62 368.11 369.03 3.41 31.79 0.334
Bi-53 In 362.30 367.09 368.08 5.78 29.26 0.311
Bi-62 In 347.01 349.03 353.53 6.52 24.71 0.325
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Electrical Conductivity-Temperature Relation

Electrical conductivity-temperature graphs are given in
Figure 6. As seen in the graphs electrical conductivities

of the systems decrease linearly with increasing
temperature.
é 0,05 -~ 005
® BiI2wi%In ® Bilswiln
= \ Purcln 5 & Purln
g 0044 " PueBi 2 0041 ® PurcBi
L -
© & © V.Y
= 003 { 2 003 L
z z %
£ %
3 o0l g o
gE 0,02 '; 0,02
:;. 001 0000000000 0ee '2 001 I—eeesssssssee |
3 " s u uau ¥ ¥ .
TR, —_— =000 4 .
280 300 320 340 360 380 400 420 440 280 300 320 340 360 380 400 420 440
Temperature, T (K) Temperature, T (K)
- 005 71 -~ 005
é ® Bi- 354w %In é ® Bi-45wi.%In
S Pure In S Pure In
é 0,04 { " PureBi § 0.04 ®  PureBi
L L}
° o A
2 003 4 & 003
3 H . 2
g 3 hid T,
E 002 %%e0eeececsnm g o
< S
g 001 { E ool
b | s
% L B B B % G . . B B S
= 0,00 + v v v v v T = 0,00 T T v T
280 300 320 340 360 380 400 420 440 280 300 320 340 360 380 400 420 440
Temperature, T (K) Temperature, T (K)
= 005 1 - 00
® Bi-%476wtIn R ® Bi-S3iwt%In
é A& Pure In § & Pureln
2 om " PurcBi g 004 ®  PureBi
- )
° °
2 003 2 003
% had LT TP g |-ee0s000qe0,
£ 00 £ om
£ E
% L S S B i . B B
=000 + - v v = 000 v - v v v -
280 300 320 30 360 380 400 420 440 280 300 320 340 360 380 400 420 440
Temperature, T (K) Temperature, T (K)
é 005
é 004 1
= o
S | E~n_4
2 003 ®%eccce
z 002
|
Z oo
- L . B B
- 0,00 + v v N
280 300 320 340 360 380 400 420 440
Temperature, T (K)
Figure 6. The temperature dependency of electrical

conductivity for Bi-In intermetallic alloys.

For Bi-12 wt.% In, Bi-15 wt.% In, Bi-35.4 wt.% In, Bi-
45 wt.% In, Bi-47.6 wt.% In, Bi-53 wt.% In and Bi-62
wt.% In alloys, at their melting temperatures, the
electrical conductivity values were obtained as 0.8524,
0.9128, 1.6567, 2.1422, 2.0622, 2.1146 and 2.8381
(x10%)/Q m, respectively.

In Figure 6, calculated electrical conductivity values
were compared to the values of pure Bi and pure In. The
electrical conductivity lines for Bi-In intermetallic alloys
are between pure Bi and pure In lines. Since Bismuth is
semimetal, its electrical conductivity value is about 30
times smaller than Indium's. Therefore, the electrical
conductivities of Bi-In intermetallic alloys change with
the Bismuth addition in the alloy. As can be seen from
the phase diagram and the images of microstructures
given in Figure 5, while the amount of Indium in the
alloy increases, phase numbers and volume fraction of
intermediate phases between Bi and In increase.
Therefore, the electrical conductivity of Bi-In alloy
increases with increasing the amount of In content in Bi-
In alloys and the electrical conductivity lines for Bi-In
intermetallic alloys approach to the line of pure Indium.

From electrical conductivity-temperature  graphs,
electrical conductivity's temperature coefficients were
obtained as 2.41, 1.61, 1.95, 2.28, 2.54, 0.46 and 1.65
(x107%) K- respectively (Table 2).

Thermal Conductivity-Temperature Relation

Pure metals have high thermal conductivities, and
generally it has been supposed that metal alloys should
also have high conductivities. Thermal conductivity of
the binary alloy can be expected to lie between the
thermal conductivity of its components. However, this
turns out not to be the case. The thermal conductivity of
binary alloy is usually much lower than that of either
metals. Even small amounts in a pure metal of “foreign”
molecules that are good conductors themselves seriously
disrupt the flow of heat in that metal.

Table 2. Some electrical and thermal properties of solid phase for In-Bi intermetallic alloys.

T 6 Temperature Electrical Conductivit Thermal
Melting empel,‘a ure Coefficient of ectricatton lfc R Conductivity
. Coefficient of at the Melting .
Materials Temperature . .. Thermal at the Melting
K. OC Electrical Conductivi Conductivit Temperature T
» (O) o (K" x10° onductivity o (1/2 m) x105 emperature
a (K" x10? K (W/Km)
Bi-12 wt.%In 385.78 (112.78) 2.41 1.36 0.8524 14.50
Bi-15 wt.%lIn 384.61(111.61) 1.61 1.29 0.9128 16.23
Bi-35.4 wt.%In 387.24 (114.24) 1.95 3.27 1.6567 19.42
Bi-45 wt.%lIn 368.27 (95.27) 2.28 2.86 2.1422 25.63
Bi-47.6 wt.%In 368.11(95.11) 2.54 2.47 2.0622 25.98
Bi-53 wt.%In 367.06 (94.06) 0.46 1.79 2.1146 31.83
Bi-62 wt.%In 349.03 (76.03) 1.65 434 2.8381 35.93
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Thermal conductivity-temperature graphs were shown in
Figure 4 and the related data are given in Table 3. In
Figure 4, a linearly decrease in the values of thermal
conductivity is seen with increasing temperature at high
temperatures [T >>Debye temperature (Qp)]. The
number of phonons is proportional to the temperature.
So the higher the temperature, the more will be the
phonon collusion frequency, resulting in smaller mean
free paths. Since Cy approaches the constant Dulong-
Petit value, the change in the thermal conductivity has
overwhelmingly controlled by the variance in mean free
path. So that with increasing temperature, thermal
conductivity decreases (Touloukian et al., 1970).

Table 3. The experimental data in the measurement of
thermal conductivity variations with temperature for Bi-In
intermetallic alloys

Bi-12 wt.%In Bi-15 wt.%In
TK) T(C) QW) ATK) KWKm) TEK TCC) QW) AT(K) KWKm)
313 40 141 501 16.84 313 40 17 5.63 18.18
333 60 202 764 15.76 333 60 2.66 9.02 17.62
353 80 269 1024 15.70 353 80 n 1282 1731
313 100 337 13.06 15.41 373 100 4.72 16.99 16.58
Bi-35.4 wt.%In Bi-45 wt.%In
TK T'C) QW) AT(K) KWKm) TEK TCC) QW) AT(K) KWKm)
313 40 LIS 257 2675 313 40 185 363 30.44
333 60 148 389 nmn 333 60 274 5.60 2924
353 80 1.86 512 21.67 353 80 357 151 2.16
KIK] 100 1.96 557 2097 363 %0 4.09 937 25.49
Bi-47.6 wt.%In Bi-53 wt.%In
TK) T'O QW) AT(XK) KWKm T®K T(C) QW) AT®K) K(WKm)
313 40 1.58 313 30.12 KIK] 40 284 41 3557
333 60 207 438 2827 333 60 3 6.57 3434
353 80 241 530 21.20 353 80 431 783 3291
Bi-62 wt.%In
TK) T(C) QW) AT(K) K(WKm)
313 40 265 369 42.88
33 60 3.69 558 39.52
343 70 4.75 7.66 3104

T: Temperature, Q: Heat flow rate into specimen, AT:
Temperature difference into specimen, K: Thermal
conductivity of specimen.

The melting temperature is the transformation
temperature from solid state to liquid state. Thus,
thermal properties of materials such as specific heat,
thermal conductivity and enthalpy change with the
melting temperatures. These kinds of thermal properties
play critical role in transformation from liquid to solid
or vice versa progress. One of them is the thermal
conductivity of materials at its melting temperature.
Solidification rate or solid phase growth rate exactly
depends on conduction heat transfer rate and their
thermal conductivity values and conduction can take
place through either solid or liquid depending on the
temperature gradients and thermal conductivity of
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phases at the interface and their thermal conductivities at
the melting temperatures, respectively. Consider for
example solid growing at a velocity v with a planar
interface into a superheated liquid. The heat flow away
from the interface through the solid must balance that
from the liquid plus the latent heat generated at the
interface. The value of thermal conductivity at the
melting temperature is a required parameter for all kinds
of materials. Therefore, the values of K at their melting
temperature for Bi-12 wt.% In, Bi-15 wt.% In, Bi-35.4
wt.% In, Bi-45 wt.% In, Bi-47.6 wt.% In, Bi-53 wt.% In
and Bi-62 wt.% In alloys were obtained as 14.50, 16.23,
19.42, 25.63, 25.63, 31.83 and 3593 W/Km,
respectively as seen from Table 2.

Also the temperature coefficients of thermal conductivity
for same alloy systems were calculated as 1.36, 1.29,
3.27, 2.86, 2.47, 1.79 and 4.34 (x10%) K1, respectively.
Electrical temperature coefficient (oerc) and thermal
temperature  coefficient (orrc) are main  physical
properties of materials. Variations of electrical and
thermal conductivities with temperature for solid materials
depend on the values of aerc and arre. The values of oerc
and orc are usually the highest and the smallest values
for good conductor and insulator materials, respectively.
As can be seen from Table 2 and Figure 4, it is concluded
that the values of aerc and orre increase with increasing
In content in the Bi-In alloys.

A comparison was done to obtained and pure Bi, In
thermal conductivity values (Figure 4). The thermal
conductivity lines for Bi-In intermetallic alloys were
occurred between pure Bi and In that shown in Figure 4.
As the amount of Indium in the alloy systems increases,
the measured thermal conductivity values are close to
the thermal conductivity lines of pure Indium. It's seen
in Figure 4 that the measured thermal conductivity data
are in good compatibility with the thermal conductivity
values of pure alloying elements.

Thermal Conductivity's Electron and Phonon
Components

As explained above, a LHF system was used to measure
the thermal conductivity and a FPP system was used to
measure the electrical conductivity values of the binary
alloy systems. K. value was calculated by using the
measured o from Eq. (3) at given temperature. Than Kp,
was calculated by using the measured Kinermar and
calculated K. from Eq. (2). The data that were used is
given in Table 4. Also in Figure 7 the electron and
phonon contribution to the thermal conductivity versus
temperature is given. In Table 4 and Figure 7, it is
clearly seen that the value K. wasn't changed with
temperature and stayed constant. Thus it can be said that
the results convenient with the WFL. According to this,
the K. is proportional to the product of electrical
conductivity with temperature. Because of electrical
conductivity decreases with increasing temperature Ke
stays constant according to the WFL. Also in Figure 4



and Figure 7 it is seen that Kiema and Kpn values
linearly decrease with increasing temperature. The
percentages of Ky, were found as 49-54 %, 49-57 %, 37-
52 %, 23-39 %, 30-40 %, 49-52 %, 35-46 % for Bi-12
wt.% In, Bi-15 wt.% In, Bi-35.4 wt.% In, Bi-45 wt.% In,
Bi-47.6 wt.% In, Bi-53 wt.% In and Bi-62 wt.% In
alloys at between 313-373 K temperature, respectively.

Bi-15 wt.% In

Bi-12 wt.% In

}[

Thermal Conductivity K,(W/Km)

Thermal Conductivity K(W/Km)

370 380

M0 350 360

330 340 350 360 3%
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Bi-35.4 wt.% In
30 {

Thermal Conductivity K,(W/Km)
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30 30 350 360
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330 340 310 320 330 340 350

Temperature T,(K) Temperature T,(K)

Bi-62 wt.% In

g
¥

Thermal Conducti

530 325 30 33

Temperature T,(K)
Figure 7. The temperature dependency of the phonon and

electron contribution to the thermal conductivity for Bi-In
intermetallic alloys.

CONCLUSIONS

The results that were obtained from the study
summarized below;

(1) The microstructure of Bi-In intermetallic alloy
systems was observed through SEM images and all
phases on the samples were determined by EDX
analyses. As shown in Figure 4, Bi, Bialn, BisIn, Biln,
BizIns, Bislns, Biln, and Bilns phases have been
detected. The phases obtained on the samples are
compatible with the phases on the phase diagram
reported in ASM (1992).
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Table 4. The temperature dependency of the electron and
phonon components to the thermal conductivity for Bi-In
intermetallic alloys.

Bi-12 wt.%In Bi-15 wt.%In
T T Ke K, Koernsl T T Ke K,  Koem
K (0 (WKm) (WKm) (WKm) (K (O (WKm) (WKm) (WKm)
313 4 171 907 1684 313 4 780 1818 1818
333 60 775 801 1576 3360 820 1762 1762
353 80 790 780 1570 353 80 858 1731 1731
373 100 793 748 1541 373 100 845 1658 1658
Bi-35.4 wt.%In Bi-45 wt.%In
T T Ke K Kivermat T T Ke K» Kesermal
K (0 (WKm) (WKm) (WKm) ® (O (WKm) (WKm) (WKm)
313 40 1465 1579 2674 313 40 1848 1196 304
333 60 1509 1414 2273 333 60 1860 1064 2924
353 80 1565 1250 2167 353 80 1929 887 2816
373 100 1599 950 2097 363 9% 2000 592 2549
Bi-47.6 wt.%In Bi-53 wt.%In
T T K, K, Koerns T T Ke K, Kinerma!
® (0 (WKm (WKm) (WKm) ® (O (WKm (WKm) (WKm)
313 40 1802 1210 3012 33 40 1718 1840 3557
333 60 1836 991 2827 33 60 1754 1680 3434
353 80 1894 826 2720 353 80 1816 1474 3291
Bi-62 wt.%In
T T Ke K Kinermal
K (0  (WKm) (WKm) (WKm)
33 40 2324 1964 4288
333 60 2399 1553 3952
343 70 2465 1309 3104

(2) The melting temperatures, the enthalpy of fusion and
the specific heat change of Bi-In alloy systems were
determined by using DSC measurements. As seen from
the results, the measured melting temperatures are in
good agreement with the values in Ref ASM (1992).

(3) For the studied systems, it was seen that electrical
conductivity and thermal conductivity decrease linearly
with increasing temperature between the values of
0.8524 and 2.8381 (x10%)/Qm and 14.50 and 35.93
WI/Km, respectively. In addition, it mightily related with
the composition of the elements in the system. As the
amount of indium increases, the thermal conductivity
value increases too.

(4) Ke and Kph values for the systems were obtained with
the measured Kinermai and o values by using WFL. It is
clearly seen that the K. values seem to be constant while
the values of Ky, decrease linearly with increasing
temperature. In other words, since the electron mean
free path is longer in pure materials, K. value is
dominant at all temperatures. However, in impure
materials, Kpn approaches to the K. because of the
reducing of the mean free path by collisions with
impurities.
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