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Abstract

The variation of thermal conductivity with temperature for Sn-3.5wt.%Ag eutectic al-
loy was measured with a radial heat flow apparatus. The thermal conductivity of the
solid phase and temperature coefficient were also found to be 84.60 ± 0.09 WK−1 m−1 and
5.92× 10−4 K−1, respectively. The values of enthalpy of fusion (∆H ) and the specific heat
(Cp) were also determined by differential scanning calorimeter (DSC) from heat flow curves
during the transformation from eutectic solid to eutectic liquid. The variation of electrical
conductivity with temperature for Sn-3.5wt.%Ag eutectic alloy was determined from the
Wiedemann-Franz law by using the measured values of thermal conductivity. The micro-
hardness of Sn-3.5wt.%Ag eutectic alloy was measured at approximately 5 different points
with Vickers microhardness device. The microstructure of Sn-3.5wt.%Ag eutectic alloy was
investigated by using scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)
analysis.

K e y w o r d s: metals & alloys, electrical resistivity/conductivity, microstructure, thermody-
namics, hardness test

1. Introduction

Lead-tin alloys have been used as soldering mater-
ials for a long time. However, lead is a heavy poison-
ous metal and can be harmful to human health. The
European Union (EU) has promulgated directives on
July 1, 2006, to restrict the use of Pb in electronic
products. Thus, there is an urgent demand for lead-
-free solders in the electronic industry. A low pro-
cessing temperature is desirable for preventing heat
damage to electronic devices during soldering, and this
is the reason for the adoption of other low melting
temperature alloys, i.e., Sn-Ag binary alloy and Ag-Sn
based ternary alloys [1–14]. Information on interfacial
reaction between solder and substrate is fundament-
ally important for the reliability evaluation of elec-
tronic joints. Among these Sn-based alloys, Sn-Ag al-
loy is one of the most promising candidates for Pb-free
solder [15–18]. There are many studies dedicated to
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the study of mechanical properties of lead-free solder
materials, including tensile properties, better ductil-
ity, higher strength superior resistance to creep and
thermal fatigue, under different conditions [19–24].
One of its advantages is that they melt at temperat-
ures near 221◦C instead of 183◦C like the eutectic Sn-
37wt.%Pb alloy does. This property has led to higher
service temperature applications. Other important
properties are strength and ductility. The strength and
ductility of a solder joint are very important for the
service applications. Solder joints need to demonstrate
a good balance between strength and ductility in or-
der to withstand thermal, mechanical, and thermo-
-mechanical loading.
The knowledge of the thermodynamics of materials

provides fundamental information about the stability
of phases, the driving forces for chemical reactions and
diffusion processes. Electrical conductivity data have
great importance on the development of electronic
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Fig. 1. (a) Transverse section of the sample. (b) Graphite crucible. (c) Longitudinal section of a part of the sample at the
center of the specimen.

materials, interconnection technologies, especially in
microelectronics and modern industry. In most cases,
mechanical properties are needed for industrial applic-
ations, so the strength and hardness of alloys mainly
depend on their microstructure. Thus, the purpose of
present work is to determine the thermal and elec-
trical conductivity, the enthalpy of fusion, the change
of specific heat, microstructure, microhardness for Sn-
3.5wt.%Ag eutectic alloy.

2. Materials and methods

2.1. Measurement of thermal conductivity of
solid phases

The sample crucible is composed of three parts.
A cylindrical bore, the top and bottom lids, which
were tightly fitted to the cylindrical part, are shown
in Fig. 1. There were four thermocouples placed on
the bottom lid. The control (rc) and the measurement
thermocouple (r1) holes were drilled at 86◦ angle to
the ends of the cylinder tube. The measurement ther-
mocouple (r2) hole was placed to the back of the meas-
urement thermocouple (r1), namely (r2 > r1). A mov-
able thermocouple was also placed 10mm away from
the center and used for measuring the vertical temper-
ature variation. Also, a thin-walled central alumina
tube was placed to isolate the central heating wire
(Kanthal A1) on the bottom lid.
Then, the phase diagram of Sn-Ag system has been

examined [25]. The Sn-3.5wt.%Ag eutectic alloy was
molten within crucible made from graphite in a va-
cuum furnace by using 4N pure Sn, 4N pure Ag. After
several stirring with a plunger, the molten material
was poured into a graphite sample crucible held in a

specially constructed casting furnace at approximately
50 K above the eutectic temperature, TE, of the alloy
(494K). The molten metal was then directionally so-
lidified from bottom to top to ensure that the sample
crucible was completely full. The sample was prepared
to be placed in the radial heat flow apparatus.
A radial heat flow apparatus was chosen to determ-

ine the thermal conductivity of solids because of its
symmetrical properties. Originally, Gündüz and Hunt
[26, 27] designed the radial heat flow apparatus, and
Maraşlı and Hunt [28] improved the experimental ap-
paratus for higher temperature, and the block diagram
of the experimental system is shown in Fig. 2. The ra-
dial heat flow apparatus consists of a central heating
element and a water cooling jacket. The central heat-
ing element was a 1.7 mm Kanthal A-1 wire inside a
thin walled alumina tube and was used to heat speci-
men from the center. The water cooling jacket is made
of stainless steel and was used to cool the outside of
the specimen. To get radial heat flow, the specimen
was heated from the center and the outside of the
specimen was kept cool with the water cooling jacket.
The temperature gradient on the specimen could be
controlled by placing different materials into the gap
between the specimen and the water cooling jacket.
The specimen was heated from the center using a

single heating wire (∼ 164mm length and 1.7mm in
diameter, Kanthal A-1) in steps of 20 K up to 10K
below the melting temperature and the outside of the
specimen was kept cool with the water cooling jacket
to get a radial temperature gradient. The length of the
central heating wire was chosen to be slightly longer
than the length of the specimen to make the vertical
isotherms parallel to the axis. The gap between the
cooling jacket and the specimen was filled with free
running sand to get a large radial temperature gradi-
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Fig. 2. Block diagram of radial heat flow system.

ent on the specimen. The temperature of the specimen
was controlled with Euroterm 9706 type controller and
the temperature in the specimen was stable to ± 0.01–
0.02K for at least 2 h. At the steady state, the total
input power and temperatures of the stationary ther-
mocouples were recorded with Hewlett Packard 34401
type multimeter and Pico TC-08 model data logger.
The vertical isotherm for each setting was made par-
allel to the axis at the measurement region by mov-
ing the central heater up and down. When the desired
power setting and the temperature measurements had
been completed during the heating process, the speci-
men was left to cool to the room temperature. Con-
sider a cylindrical specimen heated by a heating ele-
ment along the axis at the center of the specimen.
At the steady-state conditions, the radial temperat-
ure gradient in the cylindrical specimen is given by
Fourier’s law

(
dT
dr

)
S

= − Q

2πr�κS
, (1)

where Q is the total input power from the center of
the specimen, and κS is the thermal conductivity of
the solid phase. Integration of the Eq. (1) gives

κS =
1
2π�
ln

(
r2
r1

)
Q

T1 − T2
, (2)

where a0 =
1
2π�
ln

(
r2
r1

)
is an experimental constant,

� is the length of the heating element, r1 and r2 are
fixed distances from the center of the sample, and T1

Fig. 3. Thermal conductivities of pure Sn [29], pure Ag [30]
and eutectic Sn-3.5wt.%Ag alloy versus temperature.

and T2 are temperatures at the r1 and r2 fixed dis-
tances (r2 > r1), respectively:

κS = a0
Q

T1 − T2
. (3)

If the value of Q, r1, r2, �, T1 and T2 can be ac-
curately measured for the well-characterized sample
crucible, then reliable κS values can be evaluated.
The sample was moved from the furnace. For the

measurements of the r1 and r2, the specimen was cut
transversely near the temperature measurement point.
After that, the specimen was grounded and polished.
The distances of the thermocouples from the center
were then photographed with digital camera placed in
conjunction with an Olympus BH2 optical microscope
and a graticule (100× 0.01 = 1mm) was also photo-
graphed using the same objective. The photographs of
the distances of the thermocouples were superimposed
on one another using Adobe PhotoShop CS2 version
software, so that the distances of fixed thermocouples
could be measured to an accuracy of ± 10 µm.
Experimental results for the thermal conductivity

determination of solid phases for the Sn-3.5wt.%Ag
eutectic alloy are given in Table 1. The variation
of solid phase thermal conductivity is also shown in
Fig. 3.

2.2. Determination of the temperature
coefficient

The thermal temperature coefficient, αTTC, can be
obtained from the graph of thermal conductivity vari-
ations with the temperature, given in Table 2. κS is the
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Ta b l e 1. Experimental data of the solid phase thermal conductivity for eutectic Sn-3.5wt.%Ag alloy

T Q T1 T2 ∆T κS
(K) (W) (K) (K) (K) (WK−1 m−1)

323 42.95 323.80 323.32 0.48 98.40
343 47.17 343.59 343.06 0.53 97.90
363 48.37 363.63 363.08 0.55 96.70
383 51.50 383.90 383.29 0.61 92.80
403 57.85 404.04 403.34 0.70 90.90
423 78.59 424.10 423.14 0.96 90.00
443 107.62 444.15 442.83 1.32 89.60
463 132.61 464.86 463.20 1.66 87.80
483 149.97 485.49 483.54 1.95 84.60

r1 = 0.462× 10−2 m, r2 = 1.524 × 10−2 m, � = 0.164 m, a0 = 0.011× 10−2 m−1

thermal conductivity of the solid phase at the temper-
ature T, κS0 is the thermal conductivity at the initial
temperature T0, and the thermal temperature coeffi-
cient αTTC is written as [31]:

αTTC =
κS − κS0

κS0(T − T0)
=
1

κS0

∆κ

∆T
. (4)

2.3. Measurement of electrical conductivity
and electrical resistivity

For metallic conductors, current is carried by elec-
trons. In this process, chemical properties of metal
are not changed. The electrical conductivity (EC) is
a measure of the ability to conduct an electric cur-
rent, which is one of the physical properties of ma-
terials [32]. In other words, electrical conductivity is
a measure of how well a material accommodates the
movement of an electric charge. Electrical conductiv-
ity is a very useful property since values are affected by
some properties such as the substances, chemical com-
position and the stress state of crystalline structures.
Therefore, electrical conductivity information can be
used for measuring purity of water, sorting materials,
checking for proper heat treatment of metals, and in-
specting for heat damage in some materials.
The connection between the thermal conductivity

and the electrical conductivity is established by the
Wiedemann-Franz law, given as

σ =
κS
LT

, (5)

where σ is electrical conductivity, κS is the thermal
conductivity of the solid phase at the temperature T,
and L is the Lorenz number. This relationship is based
upon the fact that both the heat and electrical trans-
port involve free electrons in the metal. The value of
L is 2.45× 10−8 WΩK−2.
In present work, the variations of electrical con-

ductivity versus temperature were determined from

the Wiedemann-Franz law by using the values of
κS and Laverage. The values of L for pure materi-
als are well-known, whereas it is unknown for alloys.
To determine the variation of electrical conductivity
with temperature from the Wiedemann-Franz law, the
value of Laverage is also required as well as the val-
ues of κS. The Lorenz numbers for pure Ag and pure
Sn are 2.37× 10−8 and 2.49× 10−8 W ΩK−2 [33], re-
spectively. The average Lorenz value was used in the
determination of electrical conductivity for Sn-Ag eu-
tectic alloy since the values of Lorenz numbers for pure
Ag and pure Sn are very close to each other. Electrical
resistivity (also known as specific electrical resistance)
is a measure of how strongly the material opposes the
flow of electric current, and it is an intrinsic, bulk (not
thin-film) property of a material. Electrical resistivity
is inversely proportional to the electrical conductivity,
and is given as

ρ = 1/σ. (6)

The variations of electrical conductivity and res-
istivity versus temperature for Sn-3.5wt.%Ag eutectic
alloy are shown in Figs. 4 and 5, respectively.

2.4. Determination of the electrical
temperature coefficient

Electrical resistivity of metals increases with tem-
perature, and electron-phonon interactions can play a
key role. The conductivity and resistivity of material is
temperature dependent. The conductivity of most ma-
terials decreases as temperature increases. Alternately,
the resistivity of most materials increases with increas-
ing temperature. The amount of change is material de-
pendent but has been established for many elements
and engineering materials. The reason that resistiv-
ity increases with increasing temperature is that the
number of imperfection in the atomic lattice structure
increases with temperature and this hampers electron
movement. These imperfections include dislocations,
vacancies, interstitial defects and impurity atoms [34].
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Fig. 4. The variation of electrical conductivity of the eu-
tectic Sn-3.5wt.%Ag alloy versus temperature.

Fig. 5. The variation of electrical resistivity of the eutectic
Sn-3.5wt.%Ag alloy versus temperature.

The dependence of electrical conductivity on tem-
perature is often expressed as a slope in the electrical
conductivity versus temperature graph and can be
given as

αETC =
1
σ0

∆σ

∆T
=

σ − σ0
σ0(T − T0)

, (7)

where σ is the electrical conductivity of the solid
phase at the temperature T, σ0 is the electrical con-
ductivity at the initial temperature T0, and αETC is
the electrical temperature coefficient. The electrical
temperature coefficients for pure Sn, pure Ag and
Sn-3.5wt.%Ag eutectic alloy were obtained from the
graph of electrical conductivity variations with tem-
perature and are also given in Table 2.

2.5. Determination of enthalpy and specific
heat of fusion

Specific heat capacity is the quantity of heat re-
quired to raise a unit of substances masses temper-
ature one degree Celsius. The specific heat capa-
city of a substance depends on its molecular struc-
ture and phase. Knowledge of the heat capacity
of materials and the latent heat of phase trans-
itions is needed to understand the thermodynamics
of materials, their phase transitions, and they are
very important parameters for industrial applications.
For example, for measurements at constant pressure,
the change in enthalpy is given by the temperat-
ure integral of the heat capacity. For most solids, at
temperatures away from any phase transitions, the
heat capacity is controlled by the vibrations of the
atoms.

Cp = specific heat capacity at constant pressure,

Cp =

(
∂H

∂T

)
p

. (8)

These data can be obtained by fitting the the-
oretical formula to the available experimental res-
ults and then using them for estimation of the con-
sidered properties in the whole temperature range
(from 298.15 K to Tmelt). Integration of Eq. (8)
gives

H =

Tm∫
298.15

CpdT. (9)

At the melting temperature, the heat supplied
to system will not rise its temperature but will
be used in supplying the enthalpy of fusion (latent
heat of melting) that is required to convert solid
to liquid. For a transformation from solid state to
liquid state, enthalpy of fusion can be expressed
as

∆H ≈ ∆CpTM, (10)

where TM is the melting temperature, and ∆Cp
is the change of specific heat. The DSC (Perkin
Elmer Diamond model) thermal analysis was per-
formed in the temperature range of 300–970K with
a heating rate of 10 Kmin−1 and under a con-
stant stream of nitrogen at atmospheric pressure.
The DSC curve obtained for Sn-3.5wt.%Ag eutectic
alloy was shown in Fig. 6. The enthalpy of fu-
sion (∆H) was calculated as the area under the
peak by numerical integration, and then the change
of specific heat (∆Cp) was determined by divid-
ing the enthalpy of fusion to the melting temperat-
ure.
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Fig. 6. Heat flow curve versus temperature for the eutectic
Sn-3.5wt.%Ag alloy.

2.6. Microstructure, measurement of
microhardness

Scanning electron microscope equipped with an
energy dispersive X-ray (EDX) analysis system was
used to inspect and analyze the microstructure of the
sample and to perform the semi quantitative analysis
on those structures in order to determine the phases.
The microstructure of Sn-3.5wt.%Ag eutectic alloy
was characterized by LEO 440 scanning electron mi-
croscope (SEM) equipped with an energy dispersive
X-ray (EDX), and is also shown in Fig. 7.
The mechanical property such as the micro-

hardness depends especially on the microstructure,
processing temperature, the composition, etc. [35].
The mechanical properties of any solidified mater-
ial are usually determined with hardness test, tensile
strength test, ductility test, etc. Since true tensile
strength testing of solidified alloys gave inconsistent
results with a wide scatter due to the strong depend-
ence on solidified sample surface quality, the mechan-
ical properties were monitored by hardness testing,
which is one of the easiest ways to determine the
mechanical properties of the different phases of the
structure. The microhardness measurement was done
at room temperature by using hardness tester device
(HMV-2 Micro Hardness Tester Shimadzu). The mi-
crohardness measured by Vickers method is defined
as the ratio of the load applied (in kg) to the projec-
ted area of the indentation (in mm2). Vickers hard-
ness measurement was performed to clarify the rela-
tionship between microstructure and microhardness.
Vickers hardness value was obtained as

Hv =
2F sinφ/2

d2
, (11)

where φ is the indenter apex angle, F is the applied
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Fig. 7. (a) SEM micrograph and (b) EDX analysis of the
eutectic Sn-3.5wt.%Ag alloy.

load, and d is the average length of diagonals. They
were contacted by a square based pyramid diamond
indenter, which is attached to a metallurgical micro-
scope. Special attention was given to proper setting of
the indenter on defined specimen surface. An optimum
load value of 100 g was chosen and it was applied for
10 s to the sample. Indentations were made at five dif-
ferent places on sample to consider hardness variation.
The accuracy of the microhardness measurement was
about ± 5 %. Due to variation in crystallographic ori-
entations of the specimen, the average value of micro-
hardness was taken into account.

3. Results and discussion

3.1. The thermal conductivity and
temperature coefficient

The eutectic melting temperature of Sn-3.5wt.%Ag
eutectic alloy is about 494K. The thermal conduct-
ivities of the solid phases, κS, versus temperature
for pure Sn, pure Ag and Sn-3.5wt.%Ag eutectic al-
loy are shown in Fig. 3. The thermal conductivity
of solid phases for the same material decreases with
increasing temperature and the values of κS for Sn-
-3.5wt.%Ag eutectic alloy lie between the values of
κS for pure Ag and pure Sn. The thermal conduct-

ivity of the solid phase and temperature coefficient
for Sn-3.5wt.%Ag eutectic alloy at approximately its
melting temperature were also found to be 84.60 ±
0.09 WK−1m−1 and 5.92× 10−4 K−1, respectively.
κS values obtained with radial heat flow method in
the present work are higher than κS values obtained
with an automated device which measured jointly
the electrical resistivity and the absolute thermo-
electric power by Mhiaoui et al. [36]. The temper-
ature coefficient (5.92× 10−4 K−1), calculated in the
present work, agrees with the temperature coefficient
(5.76× 10−4–6.80× 10−4) obtained at 293–476K by
Çadırlı et al. [37]. The temperature coefficient and
thermal conductivity values obtained in literature and
in the present work are given in Table 2.

3.2. The electrical conductivity, electrical
resistivity and electrical temperature

coefficient

The Lorenz numbers for pure Ag and pure Sn
are 2.37× 10−8 and 2.49× 10−8 WΩK−2 [33], re-
spectively. To determine the variation of electrical
conductivity with temperature from the Wiedemann-
-Franz law for Sn-3.5wt.%Ag eutectic alloy, the av-
erage Lorenz value was used since the values of
Lorenz numbers for pure Ag and pure Sn are very
close to each other. The variations of electrical con-
ductivity versus temperature for Sn-3.5.wt.%Ag eu-
tectic alloy are shown in Fig. 4. The values of σ
for Sn-3.5wt.%Ag eutectic alloy were obtained to
be 12.50× 106–7.20× 106 Ω−1m−1 at the temper-
ature range of 323–483K. The electrical temperat-
ure coefficient for the same alloy was found to be
3.32× 10−3 K−1 at the temperature range of 323–
483K. The electrical resistivity values (ρ) for the same
alloy were found to be 8× 10−8–13.88× 10−8 Ωm at
the temperature range of 323–483K. The electrical
conductivity values (12.50× 106–7.20× 106 Ω−1m−1)
determined from the Wiedemann-Franz law at 323–
483K in the present work are higher than the electrical
conductivity values (8.90× 106–4.80× 106 Ω−1m−1)
measured with the d.c. four-point probe method at
293–476K by Çadırlı et al. [37], but the electrical tem-
perature coefficient and the electrical resistivity values
are close to our results. The electrical resistivity, elec-
trical conductivity and electrical temperature coeffi-
cient values obtained in literature and in present work
are given in Table 2.

3.3. Determination of enthalpy of fusion and
the change of specific heat

Sn-3.5wt.%Ag eutectic alloy was heated with a
heating rate of 10 K min−1 at the temperature range
of 300–970K by using a Perkin Elmer Diamond
model DSC, and the heat flow versus temperature
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for Sn-3.5wt.%Ag eutectic alloy is given in Fig. 6.
As can be seen from Fig. 6, the melting temper-
ature of Sn-3.5wt.%Ag eutectic alloy was detected
to be 494.31K. The value of the enthalpy of fusion
(∆H ) and the change of specific heat (∆Cp) for Sn-
-3.5wt.%Ag eutectic alloy were also calculated to be
64.85 J g−1 and 0.132 J g−1 K−1, respectively, from
the graph of the heat flow versus temperature. In
literature, values of enthalpy of fusion for Ag and
Sn are 104.76 and 58.90 J g−1 [38, 39], respectively,
and the values of specific heat change for pure Ag
and Sn are 0.235 and 0.117 J g−1 K−1, respectively.
The values of enthalpy of fusion (∆H ) found in the
present work are very close to the values (∆H ) ob-
tained in literature, but the change of specific heat
(∆Cp) is lower than the others. The enthalpy of fu-
sion (∆H ) and the change of specific heat (∆Cp) ob-
tained in literature and in the present work are given
in Table 2.

3.4. Microstructure and microhardness of the
composition

The results showed that the addition of silver to
pure tin caused more precipitations of the intermetal-
lic compound Ag3Sn. According to the correspond-
ing sample, it can be seen that the eutectic struc-
ture consists of a mixture of intermetallic compounds
Ag3Sn and β-Sn phase and the eutectic reaction is
L → Ag3Sn + β-Sn. The samples show clear dend-
ritic structures. In Fig. 7, it is shown that large dark
gray dendrites are primary β-Sn phase surrounded
by a net-like eutectic mixture of β-Sn phase and
Ag3Sn.
The microhardness (Hv0.1) for eutectic Ag3Sn and

primary β-Sn phases in Sn-3.5wt.%Ag alloy was meas-
ured from approximately 5 different points with Vick-
ers microhardness device. The microhardness values
for eutectic Ag3Sn phase were obtained to be 11.6,
12.4, 14.5, 12.8, 14.7, and the average microhard-
ness value (Hv0.1) of eutectic Ag3Sn phase was calcu-
lated to be 13.20± 0.6 kgmm−2. The microhardness
values for primary β-Sn phase were obtained to be
8.8, 9.7, 9.1, 7.4, 7.7, and the average microhardness
value (Hv0.1) of primary β-Sn phase was calculated
to be 8.54± 0.4 kgmm−2. In general, the hardness of
Sn-based alloys strongly depends on the alloying ele-
ment; the higher the alloying element is, the higher
the hardness is. In literature, the value of Vickers mi-
crohardness of pure Sn was given to be 5 kgmm−2

[40]. As can be seen from Fig. 7, eutectic mixture of
β-Sn phase and intermetallic Ag3Sn phase surroun-
ded dendritic primary β-Sn phase, and strength of
sample was increased. As a result, the Vickers hard-
ness test shows that fine β-Sn and spherical Ag3Sn
phases strongly improve the microhardness of the Sn-
-3.5wt.%Ag solder.

4. Conclusions

The main conclusions of this investigation may be
summarized as follows:
In previous studies, thermal conductivity values

of Sn-Ag eutectic alloy were estimated from meas-
uring the electrical conductivities and using the
Wiedemann-Franz law. In the present study, on the
contrary, electrical conductivities of eutectic Sn-Ag al-
loy were estimated from measuring the thermal con-
ductivity values and using the Wiedemann-Franz law.
The thermal conductivity variation for eutectic Sn-
3.5wt.%Ag alloy was investigated by using a radial
heat flow apparatus. The thermal temperature coef-
ficient for the eutectic Sn-3.5wt.%Ag alloy was de-
termined from the graph of the thermal conduct-
ivity variations with temperature. The temperature
coefficient of electrical conductivity for the sample
was determined from the graph of electrical con-
ductivity variation with temperature. The enthalpy
of fusion (∆H) and the change of specific heat
(∆Cp) for eutectic Sn-3.5wt.%Ag lead-free solder al-
loy were also found from the graph of the heat flow
versus temperature. Microstructure of eutectic Sn-
-3.5wt.%Ag alloy was investigated by SEM. Com-
position analysis of the same sample was determ-
ined with EDX. Microhardness measurement on com-
position was made with Vickers microhardness tester
device and average values were calculated.
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