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Abstract - The variations of thermal conductivities of solid
phases versus temperature for pure Sn and eutectic Sn-3.5 wt. %
Ag, Sn- 1.5 wt. % Ag binary alloys were measured with a radial
heat flow apparatus. The thermal conductivities of the solid
phases at their melting temperature were also found to be 0.606 +
0.06, 0.84 £ 0.09, 0.69 = 0.07 W/K.cm. From the graphs of the
solid phases thermal conductivity variations versus temperature,
temperature coefficients for pure Sn, pure Ag and eutectic Sn-
3.5 wt. % Ag, Sn- 1.5 wt. % Ag binary alloys were found to be
0.00098, 0.00024, 0.00087, 0.0014 K™, respectively. The thermal
conductivity ratios of liquid phase to solid phase for the pure Sn
and eutectic Sn-3.5 wt. % Ag binary alloy at their melting
temperature were found to be 1.11 and 1.09 with a Bridgman
type directional solidification apparatus. Thus the thermal
conductivities of liquid phases for pure Sn and eutectic Sn-3.5 wt.
% Ag binary alloy at their melting temperature were evaluated
to be 0.67 and 0.92 W/K.cm, respectively by using the values of
solid phase thermal conductivities, ks and the thermal
conductivity ratios of liquid phase to solid phase, R.

Keyword: Thermal Conductivity, Radial Heat Flow, Directional
Solidification, Ag-Sn Alloy, Thermal Coefficient.

1. Introduction

Recently, Sn-based alloys have been investigated
intensively as potential alternative anode materials for lithium
ion batteries because of its higher capacity storage than that of
the carbonaceous anodes. Lowering the melting temperature of
solder has been shown to be one of the key factors required for
achieving lead-free electronics packaging. Lead-tin alloys
have been used as soldering materials for a long time.
However, lead is a heavy poisonous metal and can be harmful
to human health. The European Union (EU) has promulgated
directives, such as WEEE and RoHS, on 1 July 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 processing temperature is desirable for preventing heat
damage to electronic devices during soldering, and this is a
reason for the adoption of other low melting temperature
alloys, i.e., Sn-Ag binary alloy and Ag-Sn ternary alloys [1-
24]. The lead-tin alloy systems have been the most commonly
used soldering materials in electronic interconnection and
packaging because of their low cost and unique combination

of physical, chemical, mechanical properties,
manufacturability and reliability. During soldering, the molten
solders may react with substrates resulting in the formation of
intermetalic compounds (IMC)(s) at the interface. It is well
known that IMC(s) at the interface have significant effect on
the performance of joints. Therefore, information on
interfacial reaction between solder and substrate is
fundamentally important for the reliability evaluation of
electronic joints. Among these Sn-based alloys, Sn-Ag alloy is
one of the most promising candidates for Pb-free solder [25-
28]. There are many studies dedicated to the study of
mechanical properties of lead-free solder materials, including
tensile properties, better ductility, higher strength superior
resistance to creep and thermal fatigue, under different
conditions [29-37].

At high temperature, the microstructure of Sn-base
solders would significantly change, and consequently their
mechanical properties would be affected. Knowledge about
the phase diagram and the thermo-dynamic properties of the
studied alloy is required to predict the thermal behaviour, the
microstructure evolution of the solder itself and the possible
interfacial reactions between solder and substrate [5].

For pure Ag, pure Sn and their binary alloys do not
satisfy some technologic parameters as working temperature,
for example. The knowledge of the thermodynamics of
materials provide fundamental information about the stability
of phases and about the driving forces for chemical reactions
and diffusion processes. Hence, the purpose of this study is to
determine thermal coefficients and thermal conductivities of
solid and liquid phases in order to estimated of some
thermodynamic properties such as electrical resistivity p,
Gibbs-Thomson coefficient ('), solid-liquid interfacial energy

(o) and grain boundary energy (Ogg). These data are of

great importance for the development of electronic materials,
interconnection technologies, sliding properties, especially in
microelectronics and modern industry. Further, these thermal
conductivity values will help to people doing the measurement
and modeling of these kinds of thermophysical properties.

The thermal conductivity, x, is one of the main
fundamental properties of materials such as density, melting
point, entropy, resistance, and crystal structure parameters and
it plays a critical role in controlling the performance and
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stability of materials. Thermal properties of materials are very
important in many industrial applications. The investigation of
thermal conductivity is a valuable tool for the study of
transport mechanisms of alloys. Although the value of « for
pure materials was obtained theoretically and experimentally,
there are not enough information and data available about the
thermal conductivity of alloys. The values of « for alloys
change, as in pure materials, not only with temperature but
also it changes by compositions of the materials. In the
experimental determination of the thermal conductivity of
solids, a number of different methods of measurements are
required for different ranges of temperature and for various
classes of materials having different ranges of thermal
conductivity values. A particular method may thus be
preferable over the others for a given material and temperature
range, and no one method is suitable for all the required
conditions of measurement. The various methods for the
measurement of thermal conductivity fall in two categories:
the steady state and none steady state methods. In the steady
state methods of measurement, the specimen is subjected to a
temperature profile that is time invariant, and the thermal
conductivity is determined directly by measuring the rate of
heat flow per unit area and temperature gradient after
equilibrium has been reached. In the none steady state
methods, the temperature distribution in the specimen varies
with time, and the measurement of the rate of temperature
change, which normally determines the thermal diffusivity,
replaces the measurement of the rate of heat flow. The thermal
conductivity is then calculated from the thermal diffusivity
with a further knowledge of the density and specific heat of
the material

Many attempts have been made to determine the
thermal conductivity values of solid and liquid phases in
various materials by using different methods [38-53]. One of
the common techniques for measuring the thermal
conductivity of solids is the radial heat flow method. There are
several different types of apparatus all employing radial heat
flow. The classification is mainly based upon specimen
geometry; i.e. cylindrical, spherical, ellipsoidal, concentric
sphere, concentric cylinder, and plate methods. In present
work was used the radial heat flow method. Because, the
cylindrical radial heat flow method uses a specimen in the
form of a right circular cylinder with a coaxial central hole,
that contains either a heater or a heat sink, depending on
whether the described heat flow direction is to be radially
outward or inward [38]. Temperatures within the specimen are
measured by thermocouples. This method was first used for
measuring the thermal conductivity of solids for pure
materials by Callendar and Nicolson [39] then this method
was used by Niven [40] and Powell [41]. A review of radial
heat flow methods was presented by McElroy and Moore [42]
and this method was widely used for measuring the thermal
conductivity of solids for various materials [43-53].

Firstly, the phase diagram of Ag-Sn binary alloy is
given in Figure 1 [54]. Then, the dependence of thermal
conductivity of solid phases on temperature for the pure Sn
and eutectic Sn-3.5 wt. % Ag, Sn- 1.5 wt. % Ag binary alloys
has been investigated. Secondly, the temperature coefficients
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of the pure Sn, pure Ag and their binary alloys have been
determined from the graph of the thermal conductivity versus
temperature. Finally, the thermal conductivity ratios of liquid
phases to solid phases at their melting temperatures have been
determined to obtain the thermal conductivities of liquid
phases for the pure Sn and eutectic Sn-3.5 wt. % Ag, Sn- 1.5
wt. % Ag binary alloys.
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Fig. 1. The phase diagram of Ag-Sn binary alloy [54].

2. Experimental Procedure
2.1. Measurement of thermal conductivity of solid phases

In present work, the radial heat flow apparatus was
chosen to determine the thermal conductivity of solids,
because of its symmetrical characteristics. A radial heat flow
apparatus, originally designed by Giindiiz and Hunt [43, 44]
and modified by Marashh and Hunt [45] were used to
experimentally determine the thermal conductivity of solid
phases. More details of the apparatus are described in
reference [43-53], as shown Figure 2. The radial heat flow
apparatus consists of a central heating element and a water
cooling jacket. The central heating element was a 1.7 mm
Kanthal A-1 wire inside a thin walled alumina tube (3 mm OD
x 2 mm ID x 120 mm long) and was used to heat specimen
from 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 centre and the
outside of the specimen was kept cool with the water cooling
jacket. The temperature gradient on the specimen could be
changed by placing different materials into the gap between
the specimen and the water cooling jacket.
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Fig. 2. Block diagram of radial heat flow system.

Consider a cylindrical specimen heated by a heating
element along the axis at the center of the specimen. At the
steady-state conditions, The radial temperature gradient in the
cylindrical specimen is given by Fourier's law

dT Q
G.=| — |=—
s [drj Ak @

where Q is the total input power from the centre of the
specimen, A is the surface area of the specimen and «s is the
thermal conductivity of the solid phase. Integration of the
Equation (1) gives

Q

T-T,
where @, =In(r, —r,)/ 2z ¢ is an experimental constant,

I is the length of the heating element, r, and r, are fixed
distances from the centre of the sample, and T, and T, are
temperatures at the fixed positions (r;>r;) r; and rp,
respectively.

Qi /)
T 27 L(T,—T,)

Ks =a

)

®3)

Equation (3) could be used to obtain the thermal conductivity
of the solid phase by measuring the difference in temperature
between the two fixed points for a given power level provided
that the vertical temperature variation is minimum or zero
[53]. If the value of Q, ry, 1, £, T1 and T, can be accurately
measured for the well-characterized sample, then reliable kg
values can be obtained [48].

The crucible was made from high purity graphite
obtained from Morganite as symmetrical as possible to ensure
that the isotherms were almost parallel to the central axis, as
shown in Figure 3. (b). The crucible consisted of three parts, a
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120 mm length of cylindrical tube, the top and the bottom lids.
The lids were pushed tightly into the cylindrical tube. The
cylindrical tube was 30 mm ID x 40 mm OD x 120 mm long.
The top and bottom lids were made as symmetrical as
possible. The top lid had four air or feeding holes, one vertical
thermocouple hole and one central hole for the alumina tube.
The bottom lid had five holes, three holes for the fixed
thermocouples (one of them for the control unit, two others for
measurement  thermocouples), one for the vertical
thermocouple and one for the central alumina tube, as shown
in Figure 3. (c). The control unit thermocouple and one of the
measurement thermocouples were placed 2-3 mm away form
the central alumina tube, the control and the measurement
thermocouple holes were drilled at 85.5° to the ends of the
cylinder tube. The vertical (moveable) and one of the
measurements thermocouple holes were drilled 12-15 mm
away from the centre, as shown in Figure 3. (a).

Controller T/C
alumina tube

©r.,T. -
. T T, I, 1,

o o © ©
Measurement (Central Y ertical T/C
T/C alumina alumina alumina tub

@

Top Lid

< Crucible

<4— Bottom Lid

(b)



<
Stationary T/C h
Alumina Tubes

Int.J.Eng.Research & Development,Vol.2,No.1,January 2010

Central T/C Alumina
Tube

Vertical T/C Alumina
> Tube

)

Graphite Down Lip

(©)
Fig. 3. (a). Transverse section of the sample. (b). Graphite crucible. (c).

Longitudinal section of a part of the sample at the central of the specimen.

Sufficient amount of materials to produce an ingot of
approximately 120 mm long and 30 mm in diameter were
melted in a graphite crucible using the vacuum melting
furnace by using 99.9 % pure Sn and 99.9 % pure Ag supplied
by Alfa Aesar. The specific amount of metal was melted under
the vacuum approximately 50 °C above the melting point of
the alloys. Then it was stirred with a graphite plunger. After
that, the molten metal was poured into the graphite crucible
held in a specially constructed casting furnace at
approximately 50 °C above the melting temperature of the
alloys. It was then directionally solidified from the bottom to
the top to ensure that the crucible was completely filled. The
sample was then taken out from the casting furnace and placed
into the radial heat flow apparatus.

The specimen was heated from the center using a single
heating wire in steps of of 20-50 °C up to 10 °C 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 gradient on the
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specimen. The larger radial temperature gradient is desired to
increase the experimental sensitivity for the solid phase
thermal conductivity measurements. The temperature of the
specimen was controlled with a Euroterm 9706 type controller
and the temperature in the specimen was stable to = 0.01-0.02
OC for at least 2 hours. At the steady state, the total input
power and the temperatures of the stationary thermocouples
were recorded with Hewlett Packard 34401 type multimeters
and Pico TC-08 model data logger. The vertical isotherm for
each setting was made parallel to the axis at the measurement
region by moving the central heater up and down, as shown in
Figure 4. After all the desired power setting and the
temperature measurements had been completed during the
heating procedure, the specimen was started in same steps cool
to the room temperature.

Then the sample was moved from the furnace and cut
transversely near the temperature measurement point, after
that the specimen was ground and polished for the
measurements of the r; and r,. The positions of the
thermocouples were then photographed with digital camera
placed in conjunction with an Olympus BH2 optical
microscope and a graticule (100 x 0.01 = 1 mm) was also
photographed using the same objective. The photographs of
the positions of the thermocouples and the graticule were
superimposed on one another using Adobe PhotoShop CS2
version software so that accurate measurement of the distances
of stationary thermocouples could be made to an accuracy of +
10 pum. The transverse and longitudinal sections of the
specimen were examined for the porosity, crack and casting
defects to make sure that these would not introduce any errors
to the measurements.

Experimental data for the thermal conductivity
determination of solid phases for pure Sn and eutectic Sn-3.5
wt. % Ag, Sn- 1.5 wt. % Ag binary alloys are given in Table 1,
Table 2, Table 3. The variations of solid phase thermal
conductivity versus temperature for pure Sn, pure Ag [56] and
eutectic Sn-3.5 wt. % Ag, Sn- 1.5 wt. % Ag binary alloys are
also shown in Figure 5.

2.2. Determination of the temperature coefficient

For a given composition, the dependence of the
thermal conductivity of solid phase on temperature can be
expressed as [57]

Ks = Kgo [1"' a(T =T, )] 4)
where «s is the thermal conductivity of the solid phase at the
temperature T, ks is the thermal conductivity at the initial
temperature and o is the temperature coefficient. From
Equation (4), the temperature coefficient, o, is written as

Ks —Kgq 1 Ax

a = = _—
Kso(T=To) Ko AT

This means that the temperature coefficient, o can be
obtained from the graph of thermal conductivity versus
temperature. The values used in the determination of the

temperature coefficient, o of solid phases are given in Table
4.

()
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Fig. 4. Typical vertical temperature variations in the specimen at different setting temperatures for Sn.
Table 1. Experimental data for the thermal conductivity determination of solid pure Sn.
T Q T LE AT=T;-T, KS
(K) W) (K) (K) K (W/K.cm)
373 17.79 371.70 371.25 0.45 0.672
393 23.78 392.41 391.79 0.62 0.652
413 27.22 412.69 411.96 0.73 0.633
433 31,26 432.31 431.45 0.86 0.617
453 38.65 452.88 451.83 1.05 0.625
473 42.79 473.13 471.93 1.2 0.606
ri=0.247cm. r,=1.361cm. 1=155cm. a,=0.017cm*

Table 2. Experimental data for the thermal conductivity determination of solid Sn-3.5 wt. % Ag alloy.

T

Q T T, AT Ks
(K) (W) (K) (K) (K) (W/K.cm)
323 42.95 323.80 323.32 0.48 0.98
343 47.17 343.59 343.06 0.53 0.97
363 48.37 363.63 363.08 0.55 0.96
383 51.50 383.90 383.29 0.61 0.92
403 57.85 404.04 403.34 0.70 0.90
423 78.59 424.10 423.14 0.96 0.90
443 107.62 444.15 442.83 1.32 0.89
463 132.61 464.86 463.20 1.66 0.87
483 149.97 485.49 483.54 1.95 0.84
rn=0.462cm. r,=1524cm. 1=16.4cm. a;=0.011 cm?
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Table 3. Experimental data for the thermal conductivity determination of solid Sn-1.5 wt. % Ag alloy.

T(K W T, (K T, (K AT(K K (W/K.cm
323 9.43 323.69 323.49 0.20 0.89
343 15.90 343.57 343.22 0.35 0.86
363 26.49 364.06 363.46 0.60 0.83
383 32.69 383.98 383.23 0.75 0.82
403 41.73 404.38 403.36 1.02 0.77
423 55.15 42351 422.12 1.39 0.75
443 64.50 443.78 442.10 1.68 0.72
463 75.92 464.83 462.77 2.06 0.70
483 90.14 486.35 483.88 247 0.69

rn=0.239cm. r,=1565cm. 1=155cm. a,=0.019 cm™
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Fig. 5. Thermal conductivities of pure Sn [55], pure Ag [56] and Sn- 3.5 wt. % Ag, Sn- 1.5 wt. % Ag binary alloys versus temperature.

Table 4. Temperature coefficient (o) obtained from the graph of thermal conductivity versus temperature.
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System Kso (W/K.cm) ks (W/K.cm) Ty (K) T (K) a (K™Y
Pure Sn 0.672 0.606 373 473 0.00098
Pure Ag 4.41 3.80 338.2 917.2 0.00024
Sn- 3.5 wt. % Ag 0.984 0.846 323 483 0.00087
Sn-1.5wt. % Ag 0.896 0.687 323 483 0.0014
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2.3. Thermal conductivity ratio of liquid phase to solid
phase

It is not possible to measure the thermal conductivity
of liquid phase with the radial heat flow apparatus since a
thick liquid layer (10 mm) is required. A layer of this size
would certainly have led to convection. If the ratio of thermal
conductivity of the liquid phase to solid phase is known and
the thermal conductivity of the solid phase is measured at the
melting temperature, the thermal conductivity of the liquid
phase can then be evaluated. The thermal conductivity ratio
can be obtained during directional growth with the Bridgman
type growth apparatus. The heat flow away from the interface
through the solid phase must balance that liquid phase plus the
latent heat generated at the interface, i.e. [58]

VL = KSGS - KLGL (6)
where V is the growth rate, L is the latent heat, Gs and G are
the temperature gradients in the solid and liquid, respectively
and xs and x are the thermal conductivities of the solid and
the liquid phases, respectively. For very low growth rates Vi«

xsGs - k.G, S0 that the conductivity ratio, R is given by
k G
kGs =k, G, R=—t=—=2 ()
ks G

If the right hand side of Equation (7) is obtained and the value
of xs is measured, then the liquid thermal conductivity can be
evaluated from Equation (7) [43-53].

In the present work, the thermal conductivity ratio of
liquid phase to solid phase, R, was obtained in a directional
growth apparatus (Bridgman type) [59]. A directional growth
apparatus which was first constructed by McCartney [60] was
used to determine the thermal conductivity ratio R=xs /x. A
thin walled graphite crucible was produced by drilling out a
graphite rod of 6.35 mm outer diameter and 220 mm total
length to a depth of 180 mm with a 4 mm inner diameter. As
mentioned above, the sufficient amount of materials (pure Sn
and Ag-Sn binary alloys) was melted in a vacuum furnace.
After stirring, the molten metal was poured into thin walled
graphite crucibles and the molten alloy was then directionally
frozen from bottom to top to ensure that the crucible was
completely full. Then, the sample was positioned in a
Bridgeman type furnace in a graphite rod of 6.35 mm outer
diameter and 220 mm total length to a depth of 180 mm with a
4 mm inner diameter and it was heated to 50 °C over the
melting temperature. The specimen was then left to reach the
thermal equilibrium for at least two hours. The temperature in
the specimen was measured with an insulated 0.5 mm K type
thermocouple. 1.2 mm OD x 0.8 mm ID alumina tube was
used to insulate the thermocouple from the melt and the
thermocouple was placed perpendicular to heat flow (growth
direction). The temperature on the sample was controlled to an
accuracy of = 0.5 K with a Eurotherm 815 S type controller
and the temperature of fluid in the reservoir was
approximately 15-20 °C. When the specimen temperature
stabilized, the directional growth was begun by turning on the
motor and the temperature change with time was recorded by a
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Pico TC-08 type data logger via computer. When the solid-
liquid interface passed the thermocouple, a change in the slope
of the temperature change with time was observed. In the
present measurements, the growth rate was 5 mm/minute.
After the temperature reading is 20-30 K below the melting
temperature the growth was stopped and the samples were
quenched by rapidly pulling it down into the fluid reservoir.

The conductivity ratio was evaluated from the change in the
slope of the temperature versus time curves. From the

temperature versus time curves, the slope of the liquid and
solid phases can be written as

BEHEE

dt ), Ldx /) ldt),
(5)-(2)(5) o o
dt )i Ldx ) Ldt ),

From Equations (7), (8) and (9) the thermal conductivity ratio
can be written as

&)
ﬂ_%_ dt /s

=5 (S
dt ),

(dT j (dT }
where the values of | — | and | — | for pure Sn and
dt /. dt ),

and

R= (10)

eutectic Sn- 3.5 wt. % Ag alloy were directly measured from
the temperature versus time curve as shown in Figure 6 and
Figure 7, respectively.

3. Results and Discussions
3.1. Thermal conductivity and temperature coefficient of
solid phase

The thermal conductivities of the «g versus
temperature for pure Sn, pure Ag [56] and eutectic Sn- 3.5 wt.
% Ag, Sn-1.5 wt. % Ag binary alloys are shown in Figure 5.
The thermal conductivities of solid phases for pure Sn, pure
Ag and eutectic Sn- 3.5 wt. % Ag, Sn-1.5 wt. % Ag binary
alloys decreases with increasing temperature and the values of
ks for eutectic Sn- 3.5 wt. % Ag, Sn-1.5 wt. % Ag binary
alloys lie between the values of kg for pure Ag and pure Sn as
shown in Figure 5.

The estimated experimental error in the measurement
of ks is the sum of the fractional uncertainty of the
measurements of power, temperature difference, length of
heating wire and thermocouples positions which can be
expressed as

Ak

Ks

AQ u An, ‘(11)

‘rlnrz/r‘ \rzlnrz/rl\
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Fig. 6. Temperature versus time for pure Sn.
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Fig. 7. Cooling rate of Sn- 3.5 wt. % Ag eutectic binary alloy.

3.1.1. Fractional uncertainty in the power measurement
The input power is expressed as
Q=Wnl (12)
where V,, is the potential difference between the ends of the
central heating wire and | is the current outgoing from the

central heating wire. The fractional uncertainty in the power
measurement can be expressed as
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4Q| _|ava| [41]
[l [Vl |1

(13)

The potential difference between the ends of the
central heating wire was measured with a Hewlett-Packard
34401-A multimeter to accuracy of + 1 %. Current outgoing
from the central heating wire was measured with Clampmeter
to accuracy of £ 1 %. Thus the total fractional uncertainty in
power measurement is about 2 %.

3.1.2. The fractional uncertainty in the measurement of
heating wire’s length, / , and the fixed distances (r, I,)

As can be seen from Tables 1-3, the average lengths
of heating wire was 155 mm and measured with an accuracy
of £ 0.5 mm. The fractional uncertainty in the measurement of
heating wire’s length is about 0.3 %. The fixed distances of
thermocouples from centre of the specimen (ry, r,) were
measured using Adobe PhotoShop CS2 version software from
the photographs of the thermocouple’s positions to an
accuracy of + 10 um. The fixed distances from the center of
specimen are about 2-4 mm and 13-15 mm. The fractional
uncertainty in the measurements of the fixed distances is
between 0.2 % and 0.5 %. Therefore the total fractional
uncertainty for measuring the heating wire’s length and the
fixed distances is 1 %.

3.1.3. Fractional uncertainty in the measurement of
temperature difference between two thermocouples,
AT=T, -T,at the setting temperature

The temperatures on the specimen were measured by
using K type thermocouples. The difference of the
thermocouples readings, AT* at the same point of specimen
with a setting temperature must be known or measured to
determine the uncertainty of temperature measurement. To
determine the difference of thermocouples readings, the
thermocouples were calibrated by detecting the melting point
of metalic material as shown in Figure 8. It can be seen from
Figure 9 the difference of thermocouples readings, AT*, at the
melting temperature of metalic material was + 0.1-0.2 K. As
can be seen for Ag-Sn binary alloys from Tables 2-3, the
temperature difference between two fixed thermocouples,
AT=T,;-T, at 483 K changes between 1.95 K and 2.47 K. Thus
the uncertainty in the temperature measurement at 483 K is
about 9 %.

Therefore the total fractional uncertainty in the
measurements of thermal conductivity of solid phases is about
12 %.

The thermal conductivities of solid phases for pure Sn
and eutectic Sn- 3.5 wt. % Ag, Sn-1.5 wt. % Ag binary alloys
at approximately their melting temperature are found to be
0.606 + 0.07, 0.84 £0.10, 0.69 £ 0.08 W/K.cm, respectively.
In addition, the temperature coefficients for pure Sn, pure Ag
and eutectic Sn- 3.5 wt. % Ag, Sn-1.5 wt. % Ag binary alloys
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were found to be 0.00098, 0.00024, 0.00087, 0.0014 K,
respectively from Figure 5.
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Fig. 8. Schematic-drawing of calibration experimental setup.
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3.2. Thermal conductivity ratio of liquid phase to solid
phase

As can be seen from Figure 6 and Figure 7 the value
of R can be evaluated from the ratio of the solid phase cooling
rate to the liquid phase cooling rate. The values of R for pure
Sn and eutectic Sn- 3.5 wt. % Ag alloy at their melting
temperatures were found to be 1.11 and 1.09, respectively by
Bridgman type directional solidification apparatus and the
results are given in the Table 5. The thermal conductivities of
solid phases for the same metalic materials at their melting
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temperature are measured to be 0.606 + 0.07, 0.84 + 0.10,
0.69 = 0.08 W/K.cm, respectively with radial heat flow
apparatus. Thus the thermal conductivities of liquid phases, xi
for pure Sn and eutectic Sn- 3.5 wt. % Ag alloy at their
melting temperature were determined to be 0.67 and 0.92
W/K.cm, respectively from Equation (10) using the values of
ks and R and the evaluated values are also given in Table 5.

The value of R for Sn- 1.5 wt. % Ag alloy at its
melting temperature was found from R = x; (eutectic liquid) /
ks (solid). x (eutectic liquid) was found to be 0.92 W/K.cm.
The thermal conductivity of solid phase for Sn- 3.5 wt. % Ag
alloy at approximately its melting temperature was found to be
0.69 £+ 0.08 W/K.cm with radial heat flow apparatus. Thus, the
value of R for same binary alloy at its melting temperature
was found to be 1.33. The values of thermal conductivities
used in the calculations and a comparison of our results with
values of x5 found in the literature is also given in Table 5. As
can bee seen from Table 5 and Figure 5, the values measured
in present work for pure Sn and Ag-Sn binary alloys are in a
good agreement with the values obtained by Touloukian [55,
56, 61, 62]. In the literature, there are very little datas for Ag-
Sn binary alloys to make comparison but the values of xs for
above Ag-Sn binary alloys are between the xs values of pure
Sn and pure Ag measured in present work.

4. Conclusions

Thermal conductivities of solid and liquid phases for
pure Sn and Sn- 3.5 wt. % Ag, Sn- 1.5 wt. % Ag binary alloys
were measured as functions of temperature. The results are
summarized as follows:

a) The variations of thermal conductivities of solid phase
versus temperature for pure Sn and Sn- 3.5 wt. % Ag, Sn- 1.5
wt. % Ag binary alloys have been measured with = 12 %
experimental error by using radial heat flow apparatus.

b) The thermal conductivities of solid phases at approximately
their melting temperature and the temperature coefficients for
the pure Sn, the pure Ag and Sn- 3.5 wt. % Ag, Sn- 1.5 wt. %
Ag binary alloys have been determined from the graphs of the
solid phase thermal conductivity versus temperature.

¢) The thermal conductivity ratios of liquid phase to solid
phase for pure Sn and Sn- 3.5 wt. % Ag alloy at their melting
temperature have been determined with a Bridgeman type
directional solidification apparatus.

d) The value of R for Sn- 1.5 wt. % Ag binary alloy at its
melting temperature was found from

R = x (eutectic liquid) / x5 (solid).

e) The thermal conductivity of liquid phases for pure Sn and
eutectic Sn- 3.5 wt. % Ag alloy at their melting temperatures
have been evaluated by using the values of solid phase thermal
conductivities and the thermal conductivity ratios of liquid
phase to solid phase.
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Table 5. Thermal conductivities of solid and liquid phase for pure Sn, pure Ag and Sn- 3.5 wt. % Ag, Sn- 1.5 wt. % Ag, binary alloys.

k (W/K.cm) * _
System Phase Temperature (K) PW (W/K.cm) R=x /xs
[PW] |Literature|
Liquid Sn 504 0.672 0.602156
Pure Sn Solid Sn 473 0.606 602[36] 11
Liquid Ag 1234 3.95161]
) 3.80[57 -
Pure Ag Solid Ag 917.2 i 71
i (Liquid Phase)
sn ?EEL ;"e’zt:’f A9 sn35wt % Ag 494 0.92 Lo6
o (Solid Phase) 483 0.84 0.611[62] :
Composition) Sn- 3.5 Wt. % Ag
(Liquid Phase)
Sn- 1.5 wt. % Ag 494 0.92 -
- 0
Sn-1SWEL%AG i Phase) 483 0.69 0.603[62] 133

Sn- 1.5 wt. % Ag

[PW]: Present Work
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