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d Nevşehir Hacı Bektaş Veli University, Department of Physics, 50300 Nevşehir, Turkey
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The electrical and thermal conductivity variations with temperature for lead-free ternary solders, namely
Sn-41.39 at.% Cd-6.69 at.% Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-10 at.% Bi and Sn-32 at.% Bi-3 at.% Zn
alloys, were measured by the d.c. four-point probe method and radial heat flow apparatus, respectively.
The contributions of electrons and phonons to the thermal conductivity were separately determined by
using the measured values of the thermal and electrical conductivities obtained by the Wiedemann
eFranz law in the lead-free ternary solders. The percentages of the phonon component of thermal
conductivity were found to be in the range of 46e55%, 46e50%, 38e47% and 69e73% for Sn-41.39 at.%
Cd-6.69 at.% Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-10 at.% Bi and Sn-32 at.% Bi-3 at.% Zn alloys at the
ranges of 318e443 K temperature, respectively. The temperature coefficients (a) of electrical conductivity
for the lead-free ternary solders were found to be 2.47 � 10�3, 4.97 � 10�3, 1.14 � 10�3 and
1.00 � 10�3 K�1, respectively. The thermal conductivities of the solid phases at their melting temperature
and the thermal temperature coefficients for the lead-free ternary solders were also found to be
47.72 ± 2.38, 68.57 ± 3.42, 73.52 ± 3.67, 37.53 ± 1.87 W/Km and 1.47 � 10�3, 1.48 � 10�3, 1.85 � 10�3 and
2.21 � 10�3 K�1, respectively.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Investigations of the thermal and electrical properties of alloys
are important for many technological applications. In order to
characterize and to test the performance and the stability of
metallic alloys, electrical and thermal conductivities are essential
physical quantities. In the literature, there is not much knowledge
about the thermal and electrical properties of lead-free ternary
solders. Thus, determining the thermal and electrical properties for
lead-free ternary solders could be of great use to researchers and
engineers [1].
128; fax: þ90 352 437 49 33.

erved.
Heat is carried by electrons, phonons, magnetic excitations, and
sometimes photons in solids. The total thermal conductivity is the
sum of the thermal conductivities of all energy carriers in a solid.
The thermal conductivity of energy carriers can be shown as

Kthermal ¼
1
3

X
j

Cj vj lj (1)

where the subscript j demonstrates the kind of carriers. Cj is the the
specific heat per unit volume, vj is the velocity of the carrier and lj is
a mean free path.

Since the electrons and phonons in conductors are the main
carriers of heat, the total thermal conductivity of the metal can be
expressed as the sum of electron and phonon contributions.
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Kthermal ¼ Ke þ Kph (2)

where Ke and Kph are the contribution of electrons and phonons to
the thermal conductivity, respectively [1].

In metals, which energy carriers transmit the most heat? The
contribution of electrons is greater than that of phonons at all
temperatures in pure metals. However in disordered alloys or in
impure metals, the phonon contribution approaches the electronic
contribution owing to the reducing of the electron mean free path
[2]. The ratio of the electronic contribution of the thermal con-
ductivity (Ke) to the electrical conductivity (s) of a metal is
expressed as the WiedemanneFranz law, and this value is pro-
portional to the temperature (T).

Ke

s
¼ LT (3)

Theoretically, the proportionality constant L, known as the
Lorenz number [2], is equal to

L ¼ K
sT

¼ p2

3

�
kB
e

�2

¼ 2:44� 10�8WUK�2 (4)

As can be seen from Eqs. (2) and (3), the contribution of the
electron or phonon components to the thermal conductivity can be
individually determined from Eqs. (2) and (3) if the electrical
conductivity and thermal conductivity of the materials are
measured or known at a given temperature.

The main aim of the present work was to determine the phonon
component of the thermal conductivity in ternary alloys. To do this,
the variations of electrical and thermal conductivities with tem-
perature in the lead-free ternary solders were measured by the
four-point probe method and the radial heat flow method,
respectively. By using the measured electrical conductivity (s)
value of the alloy, the electronic component of the thermal con-
ductivity (Ke) can be calculated from theWiedemanneFranz law for
a given temperature. Then the phonon component of the thermal
conductivity (Kph) can be obtained from Eq. (2) by using the values
of calculated Ke and measured Kthermal.

In the present study, SneCdeSb, SneIneCu, SneAgeBi and
SneBieZn ternary alloys were chosen for measuring the electrical
and thermal conductivities. What was the reason for choosing
these ternary alloy systems? Since lead and lead-containing ma-
terials are very toxic and hazardous for the human body and the
environment, the EU Directives on Waste Electrical and Electronic
Equipment (WEEE) have forbidden the use of lead in selected
electronic devices sold in the European market [3]. Consequently
investigation of the properties of lead-free solders is crucial. A
number of studies have also been focused on Sn based multicom-
ponent alloys because tin is a reasonably cheap material compared
to other alloying elements.

SneSb solder, which contains a low amount of antimony, has
good mechanical properties such as creep resistance and me-
chanical strength [4,5]. Cd has several unique and remarkable
characteristics such as excellent resistance to corrosion, good
electrical conductance, low melting point, and resistance to
chemicals [6]. Therefore the SneCdeSb ternary alloy can be used in
electronic applications because of its low cost, low melting tem-
perature and wettability.

In general, materials which form solder alloys should have lower
melting temperatures. Since indium has a lowmelting temperature
it is usually preferred in solder applications. Thus the SneIneCu
ternary alloy system is a suitable candidate for leadetin solders [7].

The SneZn eutectic alloy is a good alternative for a lead-free
solder alloy due to its low melting temperature (198 �C), perfect
mechanical properties, low cost [8,9] and being harmless to human
health and the environment. The SneZn alloy can be used in
electronic packaging but it is sensitive to oxidation and corrosion
[10e12]. SneBieZn and SneBieAg which both contain Bi, are good
candidates for lead-free solder alloys because these alloys have a
low melting temperature and good wettability [13e17].

Thus, the first step of this work is to experimentally measure the
variations of electrical and thermal conductivities with the tem-
perature by the four-point probe and radial heat flow methods,
respectively in SneCdeSb, SneIneCu, SneAgeBi and SneBieZn
lead-free solders. The second step of the present work is to deter-
mine the phonon component of thermal conductivity for the same
alloys.

2. Experimental procedure

2.1. Sample production

Sn-41.39 at.% Cd-6.69 at.% Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.%
Ag-10 at.% Bi and Sn-32 at.% Bi-3 at.% Zn were melted in a vacuum
furnace. The purity of all the metals used in the preparation of al-
loys in the present work was more than 99.9%. After stirring, the
molten metal was poured into a graphite crucible in a hot filling
furnace. Two different graphite crucibles were used for the exper-
imental measurement of electrical and thermal conductivity. For
electrical conductivity measurements, the crucibles were prepared
from graphite and were 20mm in length and 4mm in diameter. For
thermal conductivity measurement, the crucibles were prepared
from graphite and were approximately 100 mm in length and
30 mm in diameter. The molten material in the graphite crucible
was then directionally solidified from the bottom to the top. More
details of the apparatus and experimental procedures are given in
Refs. [18,19].

2.2. Measurement of electrical conductivity variation with
temperature

Electrical conductivity is an imperative physical property. Im-
purities deform the lattice in metals and can affect the properties of
electrical conductivity/resistivity. The value of electrical conduc-
tivity is also affected by grain size, plastic deformation, heat
treatment, and some other factors, but to a smaller extent
compared to the effect of temperature and chemical composition
[20].

Atoms vibrate at all temperatures in the balance positions and
the amplitude of the vibrations increases by increasing the tem-
perature of the sample. When the atoms leave from their lattice,
vacancies occur in the crystal structure [21]. If the dislocation
density increases in the crystal lattice, the possibility of deviation in
the electron waves increases, phononephonon, electroneelectron
and phononeelectron inelastic collisions increase, the mean free
path decreases, resistance increases and electrical conductivity
decreases. These defects may be dislocations, in the corners of the
blank lattice, grain boundaries, and substituted atoms [22]. These
mechanisms, which depend on composition and temperature, can
decrease the electrical conductivity. In metals, electrical conduc-
tivity decreases with increasing temperature. The temperature
dependency of electrical conductivity can be expressed as

sðTÞ ¼ s0½1þ aðT � T0Þ� (5)

where, a is the temperature coefficient of electrical conductivity, T0
is a fixed reference temperature (usually room temperature), and s0
is the conductivity at temperature T0. Then we can obtain the
temperature coefficient of electrical conductivity a from Eq. (5).
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a ¼ s� s0

s0ðT � T0Þ
¼ 1

s0

Ds

DT
(6)

In this study, the dependence of electrical conductivity on
temperature in alloy systems was measured by the four-point
probe method which is the most commonly used measurement
technique. The advantage of the four-point probe measurement
technique is that it eliminates the measurement errors owing to
resistance. The resistivity of material can be stated as

r ¼ RCF
Vmeasured

Imeasured
(7)

where RCF is the resistivity correction factor. RCF depends on the
test structure size, the material thickness, the electrodes, size and
the position of the electrodes [23]. The current (I) is measured with
the two outer probes, and the voltage (V) is measured via the two
inner probes.

A four-point probe measurement is made by applying four
electrical probes to the specimen. The two of the connection-
contacts are used to measure the current flowing through the
sample and the other two are used to measure the potential dif-
ference between any two points. The constant current and the
potential difference on the sample was measured by a Keithley 2400
source meter and a Keithley 2700multimeter, respectively as shown
in Fig. 1. Platinum probes were used to measure the current and
potential. The temperature of the specimenwas measured by using
a K-type thermocouple with a diameter of 0.5 mm in a Nabertherm
type P320 furnace. The dimensions of the cylindrical sample were
20 mm in length and 2 mm in radius. There are some experimental
difficulties during the electrical resistivity measurement. The most
difficult part of resistivity measurement is often making a good
electrical contact. For a good contact, the surface of the samples was
made flat by grinding and polishing, and then thoroughly cleaned
with alcohol. Secondly, the measurement system should be cali-
brated before measuring electrical current and potential. For this
purpose, the resistivity measurement system was calibrated for
Fig. 1. The schematic diagram of four-probe method used for measuring electrical
resistivity/conductivity measurements.
each time for every single alloy system. Finally to increase the
measurement sensitivity, themeasurements weremade at least ten
times for each sample. In the present work, the temperature
dependence of the electrical resistivity was determined for all
ternary alloys in the range of 300 Ke442 K by the four-point probe
method. Then the electrical conductivity was calculated for all al-
loys by taking the inverse of the measured the electrical resistivity
in the present work.
2.3. Temperature dependence of thermal conductivity

In the present work, radial heat flow apparatus have been used
to measure the thermal conductivity of the solid phases. The radial
heat flow apparatus consists of a central heating wire and a cooling
jacket. The central heating wire was at the center of the cylindrical
specimen and insulated from materials with a thin walled alumina
tube. To get radial heat flow, the specimen was heated from the
center using a single heating wire in steps of 50 K up to 10 K below
the melting temperature of the alloy and the outside of the spec-
imenwas kept cool by circulating a fluid through the cooling jacket.
To obtain a reliable value of thermal conductivity in the thermal
conductivity measurement, a larger radial temperature gradient is
desired. For this purpose, the gap between the cooling jacket and
the specimenwas filled with free running sand or graphite dust and
the outside of the specimen was kept at 283 K using a heating/
refrigerating circulating bath. A Eurotherm 2604 type controller was
used to control the temperature of the specimen with an accuracy
of ±0.01 K and the temperature of the fluid in the cooling jacket was
kept at a constant temperature by a Poly Science digital 9102 model
circulating system. The length of central heatingwirewas chosen to
be 10 mm longer than the length of specimen to make isotherms
parallel to the vertical axis. The vertical temperature for each
setting was tried to be made as parallel as possible to the vertical
axis by moving the central heater up and down.

Consider a cylindrical specimen heated by using a heating wire
along the axis at the center of the sample. The temperature gradient
of the solid phase at the steady-state condition, is given by Fourier's
law

GS ¼
�
dT
dr

�
S
¼ � Q

A KS
(8)

where Q is the total electrical power on the sample, A is the area of
the sample and KS is the thermal conductivity of the solid phase.
Integration of Eq. (8) gives

KS ¼ ao
Q

T1 � T2
(9)

where ao¼ ln(r2/r1)/2p[ is an experimental constant, [ is the length
of the central heating wire and T1 and T2 are the temperatures at r1
and r2 (r2 > r1). In order to determine the values of K, one has to
measure the values of Q, r1, r2, [, T1 and T2 accurately. One can find
the details of the measurement system and procedure in
Refs. [18,19,24e29].

The temperature of the sample was kept at a constant temper-
ature for at least 2 h for every measurement. At steady state, a
Hewlett Packard 34401 type multimeter and a data-logger were
used to measure the total electrical power and the fixed thermo-
couples' temperature, respectively. The temperatures of the sample
were measured by K-type thermocouples which were 0.5 mm in
diameter. The determination of the thermal conductivity was made
both in the heating and cooling steps in order to verify the mea-
surement data. In order to determine the thermocouples' positions,
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we used an Olympus DP12 CCD digital camera connected to an
Olympus BX51 type light optical microscope.

The variation of the thermal conductivity of the solid phase with
temperature can be stated as

KS ¼ KS0½1þ aðT� T0Þ� (10)

where KS is the thermal conductivity of the solid phase at the
temperature T, KS0 is the thermal conductivity at the reference
temperature T0 and a is the thermal temperature coefficient. From
Eq. (10), a is expressed as

a ¼ KS � KS0

KS0ðT� T0Þ
¼ 1

KS0

DK
DT

(11)

This means that a can be determined from the graph of thermal
conductivity with temperature.

3. Results and discussions

3.1. The variation of electrical conductivity with temperature

The variations of electrical conductivity with temperature are
plotted in Fig. 2 for SneCdeSb, SneIneCu, SneAgeBi and
SneBieZn solder alloys. The electrical conductivities of all solder
alloys in the present work decreased linearly with increasing
temperature. The electrical conductivity values as a function of
temperature were found in the ranges 4.35e2.76, 5.00e3.43,
5.30e4.58 and 1.52e1.39 (�106)/U m for SneCdeSb, SneIneCu,
SneAgeBi and SneBieZn solder alloys, respectively.
Fig. 2. Temperature dependence of the electrical conductivity for (a) Sn-41.39 at.% Cd-6.69 at
Zn solder alloys.
The measured electrical conductivity values for solder alloys
were compared with the values for the metals forming the alloys
[30e34], as shown in Fig. 2. The lines s for SneCdeSb, SneAgeBi
and SneBieZn solder alloys are extended between those for pure
alloying elements, as shown in Fig. 2(a),(c),(d). Since bismuth and
antimony are semimetals, their electrical conductivities are very
low compared with other metals. Therefore, the electrical con-
ductivities of SneCdeSb, SneAgeBi and SneBieZn ternary alloys
are higher than the electrical conductivities of Bi and Sb. However,
the line s for SneIneCu solder alloy is extended under for Sn, In and
Cu, as shown in Fig. 2(b), because all the metals forming the
SneIneCu solder alloy individually have good electrical
conductivity.

The values of electrical conductivity for SneCdeSb, SneIneCu,
SneAgeBi and SneBieZn at their melting temperatures were ob-
tained as 2.61, 3.26, 4.57 and 1.35 (�106)/U m, respectively by
extrapolating the electrical conductivity lines to their melting
temperature, as shown in Fig. 2.

The temperature coefficients of electrical conductivity were also
found to be 2.47 � 10�3 K�1, 4.97 � 10�3 K�1, 1.14 � 10�3 K�1 and
1.00 � 10�3 K�1 from the graphs of electrical conductivity versus
temperature for SneCdeSb, SneIneCu, SneAgeBi and SneBieZn
solder alloys, respectively.

3.2. The variation of thermal conductivity with temperature

The experimental data used in the determination of the thermal
conductivities of the solid phases for Sn-41.39 at.% Cd-6.69 at.% Sb,
Sn-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-10 at.% Bi, Sn-32 at.% Bi-3 at.%
.% Sb, (b) Sn-49 at.% In-1 at.% Cu, (c) Sn-50 at.% Ag-10 at.% Bi and (d) Sn-32 at.% Bi-3 at.%



Table 1
Experimental data in the measurements of thermal conductivity variations with temperature for Sn-41.39 at.% Cd-6.69 at.% Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-10 at.% Bi,
Sn-32 at.% Bi-2.99 at.% Zn solder alloys.

T (K) Sn-41.39 at.% Cd-6.69 at.% Sb T (K) Sn-49 at.% In-1 at.% Cu T (K) Sn-50 at.% Ag-10 at.% Bi T (K) Sn-32 at.% Bi-2.99 at.% Zn

Q (W) DT (K) K (W/Km) Q (W) DT (K) K (W/Km) Q (W) DT (K) K (W/Km) Q (W) DT (K) K (W/Km)

323 17.66 0.52 59.12 318 26.76 0.60 76.14 313 13.90 0.22 92.47 313 22.26 0.70 47.87
353 32.21 0.98 57.38 333 37.21 0.84 75.71 333 22.58 0.38 86.94 333 33.06 1.10 45.24
383 49.24 1.55 55.14 348 47.41 1.10 73.80 353 31.86 0.57 81.79 353 45.34 1.59 42.93
413 67.19 2.27 51.45 363 58.24 1.40 71.32 373 42.51 0.77 80.79 373 58.57 2.12 41.59
443 101.33 3.62 48.71 378 69.76 1.75 68.59 393 52.01 0.99 76.89 393 73.27 2.87 38.71

T: Temperature, Q: Heat flow rate into specimen, DT: Temperature difference into specimen, K: Thermal conductivity of specimen.
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Zn are given in Table 1. The variations of solid phase thermal con-
ductivity versus temperature for the same alloy systems are also
plotted in Fig. 3. As can be seen from Fig. 3, the values of thermal
conductivity (KS) linearly decrease with increasing temperature.
The total number of phonons is always proportional to the tem-
perature. Therefore at the temperatures bigger than qD (where qD is
the Debye temperature), the more will be the phonon scattering
frequency, resulting in smaller mean free paths. Since CV ap-
proaches the constant DulongePetit value, the change in the
thermal conductivity is predominantly controlled by the change in
Fig. 3. Thermal conductivity variations with temperature for (a) Sn-41.39 at.% Cd-6.69 at.%
mean free path. Thus, the thermal conductivity decreases with
increase in temperature [36].

The solubility of solid Cd in Sb and Sn is negligible and
1.1 wt.% Cd at eutectic temperatures of 718 and 406 K, the sol-
ubility of solid Sb in Cd and Sn is negligible and 9.6 wt.% Sb at
eutectic temperatures of 563 and 515 K, the solubility of solid Sn
in Cd and Sb is negligible with 43.6 wt.% Sn at eutectic temper-
atures of 406 and 515 K [37]. The volume fraction of the solid Sn
solution is higher than for the other phases below the eutectic
temperature in the Sn-41.39 at.% Cd-6.69 at.% Sb alloy. As shown
Sb, (b) Sn-49 at.% In-1 at.% Cu, (c) Sn-50 at.% Ag-10 at.% Bi, (d) Sn-32 at.% Bi-3 at.% Zn.
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in Fig. 3, the thermal conductivity variation for the Sn-41.39 at.%
Cd-6.69 at.% Sb alloy is just below the thermal conductivity value
for Sn [35].

The solubility of the solid Cu in Sn and In is negligible at eutectic
temperatures of 500 and 430 K, the solubility of solid In in Sn and
Cu is 27.0 and 18.1 wt.% In at eutectic temperatures of 393 and
847 K, the solubility of solid Sn in Cu and In is 11 and 44.8 wt.% Sn at
eutectic temperatures of 623 and 393 K [37]. The volume fraction of
solid Sn is close to the volume fraction of the In solution below the
eutectic temperature in the Sn-49 at.% In-1 at.% Cu alloy. As shown
in Fig. 3, the thermal conductivity variation for the Sn-49 at.% In-
1 at.% Cu alloy lies between the thermal conductivity lines of Sn [35]
and In [35].

According to the phase diagrams of the SneAg, SneBi and BieAg
binary systems, the solubility of solid Ag in Sn and Bi is negligible at
eutectic temperatures of 494 and 535 K, the solubility of solid Bi in
Sn and Ag is 20 and 2 wt. % Bi at eutectic temperatures of 412 and
535 K, and solubility of solid Sn in solids of Ag and Bi is 27 wt.% Sn
and negligible at eutectic temperatures of 494 and 412 K [37]. The
volume fraction of solid Ag in the Sn-50 at.% Ag-10 at.% Bi alloy is
higher than for the other solid phases below the eutectic melting
temperature. As shown in Fig. 3, the thermal conductivity variation
for the Sn-50 at.% Ag-10 at.% Bi alloy lies between the thermal
conductivity lines of Sn [35] and Ag [35] and is close to the thermal
conductivity line of Sn [35].

The solubility of solid Zn in solids of Sn and Bi is negligible and
2.7 wt.% Zn at eutectic temperatures of 471.5 and 527.5 K, the sol-
ubility of solid Bi in Sn and Zn is 21 wt.% Bi and negligible at eutectic
temperatures of 412 and 527.5 K, the solubility of solid Sn in Zn and
Bi is negligible at eutectic temperatures of 471.5 and 412 K [37]. The
volume fraction of the solid Sn solution is higher than for the other
phases below the eutectic temperature in the Sn-32 at.% Bi-3 at.%
Zn alloy. As shown in Fig. 3, the thermal conductivity line for Sn-
32 at.% Bi-3 at.% Zn alloy lies between the thermal conductivity
lines of Sn [35] and Bi [35] and is close to the thermal conductivity
line of Sn [35].

As can be seen in Table 2, the KS values for Sn-41.39 at.% Cd-
6.69 at.% Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-10 at.% Bi, Sn-
32 at.% Bi-3 at.% Zn at their melting temperatures were obtained as
47.72 ± 2.38, 68.57 ± 3.42, 73.52 ± 3.67 and 37.53 ± 1.87 W/Km,
respectively via extrapolating the line of thermal conductivity to
their melting temperature. A comparison of the KS values measured
in the present work at their melting temperature for Sn-41.39 at.%
Cd-6.69 at.% Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-10 at.% Bi and
Sn-32 at.% Bi-3 at.% Zn with the KS values for similar ternary
eutectic alloys measured in previous works [38e42] is also given in
Table 2. As can be seen from Table 2, the results are in good
Table 2
Some electrical and thermal properties of solid phase for Sn-41.39 at.% Cd-6.69 at.% Sb, S

Materials Melting
temperature
(K)

Temperature coefficient
of electrical conductivity
a (K�1) � 10�3

T
o
a

Sn-41.39 at.% Cd-6.69 at.% Sb [PW] 453 2.47 1
Sn-49 at.% In-1 at.% Cu [PW] 389 4.97 1
Sn-50 at.% Ag-10 at.% Bi [PW] 411.4 1.14 1
Sn-32 at.% Bi-3 at.% Zn [PW] 404.7 1.00 2
Sn-4 wt.% Ag-2 wt.% In Ref. [38] 490.7 e 0
Sn-20 wt.% Ag-2 wt.% In Ref. [39] 490.7 e 0
Sn-40 wt.% Ag-% 2 wt. In Ref. [39] 490.7 e 0
Sn-20 wt.% In-25 wt.% Ag [40] 490.7 e 0
Sn-20 wt.% In �10 wt.% Ag [40] 490.7 e 0
Sn-20 wt.% In-15 wt.% Ag [41] 486.0 e 0
Sn-6 wt.% Sb-5 wt.% Ag [42] 507.8 e 1
Sn-42.8 wt.% Bi-0.04 wt.% Cu [42] 411.8 e 2
Sn-3.5 wt.% Ag �0.9 wt.% Cu [42] 490.2 e 0
agreement with the results obtained in previous works for similar
ternary alloys [38e42].

3.3. The variation of electron and phonon components of the
thermal conductivity with temperature

In metals and alloys, the main carriers of heat are electrons and
phonons, so the total thermal conductivity is shown as the sum of
the contributions of the electrons and phonons. As mentioned
above, the thermal and electrical conductivities of the alloys
(Kthermal and s) were measured by the radial heat flow and four
point probe methods, respectively. The electronic components of
thermal conductivity, Ke, for the lead-free ternary alloys were
determined from the WiedemanneFranz law by using the
measured values of Kthermal and s at a given temperature. Then the
phonon components of thermal conductivity, Kphonon, for the lead-
free ternary alloys were obtained by subtracting the electronic
component of thermal conductivity from the measured thermal
conductivity (Kthermal) at a given temperature. The data used in the
determination of temperature dependence of the phonon and
electron components of the thermal conductivity for the Sn-
41.39 at.% Cd-6.69 at.% Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-
10 at.% Bi, Sn-32 at.% Bi-3 at.% Zn ternary alloys are given in Table 3.
The variations of electron and phonon components of thermal
conductivity versus temperature for the same solders are also
plotted in Fig. 4.

As can be seen from Table 3 and Fig. 4, the values of Ke do not
change precisely with temperature and seem to be constant. The
experimental results support the WiedemanneFranz law. Accord-
ing to the WiedemanneFranz law, the electronic component of
thermal conductivity (Ke) is proportional to the product of electrical
conductivity with temperature. However, the electrical conductiv-
ity linearly decreases with increasing temperature. Thus, according
to theWiedemanneFranz law, the electronic component of thermal
conductivity should not change precisely with temperature.

As can be seen from Figs. 3 and 4, the measured values of
thermal conductivity of the solid phase (Kthermal) linearly decrease
with increasing temperature and the phonon component of ther-
mal conductivity (Kphonon) also linearly decreases with increasing
temperature.

As can be seen from Fig. 4(a) and (b), the lines of variation of the
electronic component of thermal conductivity with temperature
are slightly above those of the phonon component of thermal
conductivity with temperature for Sn-41.39 at.% Cd-6.69 at.% Sb and
Sn-49 at.% In-1 at.% Cu alloys.

In Fig. 4(c), while the line of variation of the electronic compo-
nent of the thermal conductivity with temperature is below that of
n-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-10 at.% Bi, Sn-32 at.% Bi-3 at.% Zn.

emperature coefficient
f thermal conductivity
(K�1) � 10�3

Electrical conductivity at
the melting temperature
s (1/U m) � 106

Thermal conductivity at
the melting temperature
K (W/Km)

.47 2.61 47.72

.48 3.26 68.57

.85 4.57 73.52

.21 1.35 37.53

.280 e 62.50

.620 e 55.10

.750 e 49.50

.805 e 65.10

.867 e 68.10

.940 e 55.72

.246 e 41.96

.638 e 20.03

.907 e 49.89



Table 3
The temperature dependence of the electron and phonon components to the thermal conductivity for Sn-41.39 at.% Cd-6.69 at.% Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-
10 at.% Bi, Sn-32 at.% Bi-3 at.% Zn solder alloys.

Sn-41.39 at.% Cd-6.69 at.% Sb Sn-49 at.% In-1 at.% Cu Sn-50 at.% Ag-10 at.% Bi Sn-32 at.% Bi-3 at.% Zn

T
(K)

Ke

(W/Km)
Kp

(W/Km)
Kthermal

(W/Km)
T
(K)

Ke

(W/Km)
Kp

(W/Km)
Kthermal

(W/Km)
T
(K)

Ke

(W/Km)
Kp

(W/Km)
Kthermal

(W/Km)
T
(K)

Ke

(W/Km)
Kp

(W/Km)
Kthermal

(W/Km)

323 31.69 27.43 59.12 318 38.96 37.18 76.14 313 39.64 52.83 92.47 313 e e 47.88
353 31.47 25.91 57.38 333 38.89 36.82 75.71 333 40.45 46.50 86.95 333 12.19 33.06 45.25
383 31.38 23.76 55.14 348 38.21 35.60 73.81 353 39.84 41.96 81.80 353 12.66 30.28 42.94
413 32.09 19.36 51.45 363 37.87 33.45 71.32 373 40.41 40.39 80.79 373 13.19 28.41 41.59
443 30.56 18.16 48.71 378 37.93 30.66 68.59 393 40.54 36.36 76.90 393 e e 38.43
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the phonon component of the thermal conductivity with temper-
ature up to 370 K, the line of variation of the electronic component
of the thermal conductivity with temperature is above that of the
phonon component of the thermal conductivity with temperature
above 370 K for the Sn-50 at.% Ag-10 at.% Bi alloy.

According to Fig. 4(d), the line of variation of the phonon
component of thermal conductivity with temperature is a little
above that of the electronic component of thermal conductivity
with temperature for the Sn-32 at.% Bi-3 at.% Zn alloy. The reason
for the diminishing electronic component contribution to thermal
conductivity for Sn-50 at.% Ag-10 at.% Bi and Sn-32 at.% Bi-3 at.% Zn
Fig. 4. The temperature dependence of the phonon and electron contribution to the therm
50 at.% Ag-10 at.% Bi, (d) Sn-32 at.% Bi-3 at.% Zn solder alloys.
alloys is due to the presence of bismuth in the alloys. Bismuth is a
semimetal and its number of free electrons is smaller than that of
the other metals in the alloys. Thus, the higher the bismuth content
may be responsible for the higher phonon contribution to thermal
conductivity.

4. Conclusions

The variations of electrical and thermal conductivities with
temperature for the lead-free ternary solders were investigated.
According to the experimental results, the electrical conductivity of
al conductivity for (a) Sn-41.39 at.% Cd-6.69 at.% Sb, (b) Sn-49 at.% In-1 at.% Cu, (c) Sn-



Y. Altıntas et al. / International Journal of Thermal Sciences 100 (2016) 1e98
the lead-free ternary solders decreases linearly with increasing
temperature. Electrical conductivity strongly depends on the tem-
perature and alloying elements used in ternary solders. The values
of electrical conductivity for the SneCdeSb, SneIneCu, SneAgeBi
and SneBieZn alloys were obtained as 2.61, 3.26, 4.57 and 1.35
(�106)/U m, respectively, at their melting temperatures. The tem-
perature coefficients of electrical conductivity for Sn-41.39 at.% Cd-
6.69 at.% Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-10 at.% Bi, Sn-
32 at.% Bi-3 at.% Zn solders were determined as 2.47 � 10�3 K�1,
4.97 � 10�3 K�1, 1.14 � 10�3 K�1 and 1.00 � 10�3 K�1 from the
graphs of electrical conductivity versus temperature, respectively.

The thermal conductivity of the lead-free ternary solders also
decreases linearly with increasing temperature. The KS values for
the Sn-41.39 at.% Cd-6.69 at.% Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.%
Ag-10 at.% Bi, Sn-32 at.% Bi-3 at.% Zn alloys were obtained as
47.72 ± 2.38, 68.57 ± 3.42, 73.52 ± 3.67 and 37.53 ± 1.87 W/Km,
respectively, at their melting temperature and the temperature
coefficients of thermal conductivity for Sn-41.39 at.% Cd-6.69 at.%
Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-10 at.% Bi, Sn-32 at.% Bi-
3 at.% Zn were determined as 1.47 � 10�3, 1.48 � 10�3, 1.85 � 10�3

and 2.21 � 10�3 K�1, respectively.
Electronic and phonon components of the thermal conductivity

for some binary solders were determined before [43] but for
ternary alloy systems there isn't enough work. So in this work,
electronic and phonon components of the thermal conductivity for
some ternary alloy systems were obtained by the Wiedemanne-
Franz law by using the measured values of Kthermal and s. From the
experimental results it can be concluded that the values of the
electronic component of thermal conductivity for the lead-free
ternary solders seem to be constant while those of the phonon
components of the thermal conductivity for the lead-free ternary
solders decrease linearly with increasing temperature. This means
that the electronic component of thermal conductivity for pure
materials is dominant at all temperatures because the electron
mean free path is longer. However, in alloys the phonon contribu-
tion approaches the electronic contribution because the mean free
path is reduced by collisions with impurities. The percentages of
the phonon component of thermal conductivity were found to be in
the range of 46e55%, 46e50%, 38e47% and 69e73% for the Sn-
41.39 at.% Cd-6.69 at.% Sb, Sn-49 at.% In-1 at.% Cu, Sn-50 at.% Ag-
10 at.% Bi and Sn-32 at.% Bi-3 at.% Zn alloys at the temperature
range of 318e443 K, respectively.

Ho et al. [43] have determined the phonon components of the
thermal conductivity for Cu-x at.%Ni (x ¼ 20, 30, 40, 50, 60, 70, 80)
at 300 K. They have determined the total thermal conductivity and
the phonon components of the thermal conductivity in the range of
37e33 W/Km and 28%e40% at 300 K, respectively. The phonon
components of the thermal conductivity measured in present work
are slightly bigger than the values of Ref. [43]. According to phase
diagram of Copper and Nickel system [37], solid copper and solid
nickel is completely soluble into each other and a single solid phase
which has a single crystal structure exists in the CueNi binary
system. In present work, at least two phases exist into each alloy
system under the melting points. Thus each solid phase contributes
to phonon effect on the thermal conductivity. Therefore, the
phonon contribution to thermal conductivity for each solid phase
must be considered. Thus the phonon contributions obtained in
present work are higher than the phonon contribution for CueNi
alloy system obtained by Ho et al. [43] due to existed solid phases.
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