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The equilibrated grain boundary groove shapes of solid Sn in equilibrium with Sn-Mg-Zn liquid were observed
from a quenched sample by using a radial heat flow apparatus. The Gibbs-Thomson coefficient, solid-liquid
interfacial energy and grain boundary energy of solid Sn were determined from the observed grain boundary
groove shapes. The thermal conductivity of the eutectic solid phase for Sn-8.12 at% Mg-4.97 at% Zn alloy and the
thermal conductivity ratio of the liquid phase to the solid phase for Sn-8.12 at% Mg-4.97 at% Zn alloy at eutec-
tic temperature were also measured with a radial heat flow apparatus and a Bridgman -type growth apparatus,
respectlvely The Gibbs-Thomson coefficient, solid-liquid interfacial energy and gram boundary energy of sohd
Sn in equilibrium with Sn Mg -Zn liquid were determined to be (8.3 £0.6)x10® Km, (118.5 + 14. 2)><10 Jm®
and (225.1 £29.3)x10° I m” respectively from observed grain boundary groove shapes. A comparlson of
present results for solid Sn in the Sn-8.12 at% Mg-4.97 at% Zn alloy with the results obtained in previous works
for similar solid Sn in equilibrium with different binary or ternary liquid was made.
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1. INTRODUCTION

The solid-liquid interfacial energy, os., is recognized to
play a key role in a wide range of metallurgical and materi-
als phenomena from wetting [1] and sintering through to phase
transformations and coarsening [2]. Thus, a quantitative
knowledge of o values is necessary. However, the deter-
mination of oy is difficult. Since 1985, a technique for the
quantification of solid-liquid interfacial energy from the grain
boundary groove shape has been used [3-18]. Observation
of groove shape in a thermal gradient can be used to deter-
mine the interfacial energy, independent of the grain bound-
ary energy because the interface near the groove must always
satisfy
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where AT, is the curvature undercooling, AS” is the entropy
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change per unit volume, 6, and 6, refer the orientations of
interfaces, x; and «k, are the mean curvatures of the inter-
faces. When the solid-liquid interfacial energy is isotropic,
Eq. (1) becomes

AT, =25 (l+l) ®)
ASry T

where 1, and r; are the principal radii of the curvature of the
surface. For the case of a planar grain boundary intersecting a
planar solid-liquid interface, r=c0 and the Eq. (2) becomes

= /AT, = 25 3)

AS
where I is the Gibbs-Thomson coefficient. This equation is
called the Gibbs-Thomson relation [13].

At present the most powerful experimental method to
measure solid-liquid interfacial energy is the grain boundary
groove method. This method is based on the direct application
of the Gibbs-Thomson equation and can be applied to mea-
sure o1 for multi-component systems as well as pure mate-
rials, for opaque materials as well as transparent materials,
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for any observed grain boundary groove shape and for any
value of the thermal conductivity ratio of the equilibrated
liquid phase to solid phase, R=K;/Ks where K is the thermal
conductivity of the solid phase and K is the thermal con-
ductivity of the liquid phase.

Sn is an important constituent in solder alloys because it
wets and adheres to many common base metals at tempera-
tures considerably below their melting temperatures. Sn-based
alloys are used in some delicate soldering for electronic
equipments. They are also used in computer and other fields
of industry [19]. Properties such as stable microstructure, light
weight, corrosion resistance, high strength and good casta-
bility make Sn-Mg alloys promising materials for different
industrial applications. Although the interest in Sn-Mg alloys
started in the early 1930s [20], there has recently been strong
research interest in the application of Sn- and Mg-based alloys in
various branches of technology. Sn-Mg based alloys are
commonly used for bearing materials, anodic materials in Li
ion batteries etc. [21]. Zn is one of the major alloying ele-
ments added to Sn-Mg alloy to improve mechanical property
and corrosion resistance [22]. Therefore Sn-Mg-Zn ternary
system is one of the important systems in the family of Sn-based
alloys and it is worth studying in details. More knowledge
about its structural and mechanical properties at different
temperatures may be helpful in industrial applications.

Although the phase diagram of the Sn-Mg-Zn ternary sys-
tem has been determined [22] as shown in Fig. 1, some of
its thermo-physical properties such as solid-liquid interfacial
energy, Gibbs-Thomson coefficient, grain boundary energy
and thermal conductivity of the solid and liquid phases for
Sn-Mg-Zn ternary alloy have not yet been fully determined.
These thermo-physical properties could be used by those
making comparisons between experimentally observed solidification
morphology and predictions from theoretical models. Thus,
the aim of the present work was to determine the thermal
conductivity, Gibbs-Thomson coefficient, solid-liquid interfa-
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Fig. 1. The phase diagram of Sn-Mg-Zn system for 3 wt% Zn [22].
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cial energy and grain boundary energy for solid Sn in Sn-Mg-
Zn ternary alloy.

2. EXPERIMENTAL PROCEDURES

2.1. Sample production

In order to observe the equilibrated grain boundary groove
shapes in opaque materials, Giindiiz and Hunt [13] designed
a radial heat flow apparatus. Maragh and Hunt [14] improved
the experimental apparatus for higher temperatures. The details
of the apparatus and experimental procedures are given in
Refs.[13-17]. In the present work, a similar apparatus was
used to observe the grain boundary groove shapes in the Sn-
Mg-Zn eutectic system.

It is necessary to consider what happens during the annealing
period. Consider a binary eutectic system. If the alloy com-
position (Xo) is near the eutectic composition (X=Xg) above
the eutectic temperature, a binary eutectic system consists
of liquid. If this system is held in a very stable temperature
gradient there will be no liquid droplets behind the solid
phases and two solid phases (a, b) can grow together on the
eutectic structure.

In the present study, the composition of the alloy was cho-
sen as Sn-4.59 at% Mg-5.12 at% Zn to grow a single solid
Sn phase on the eutectic cast structure in a short annealing
time from the phase diagram of Sn-Mg-Zn alloy [22]. The
Sn-4.59 at% Mg-5.12 at% Zn alloy was prepared in a vac-
uum furnace by using 99.80% Sn, 99.98% Mg and 99.99%
Zn. After stirring, the molten alloy was poured into a graph-
ite crucible held in a specially constructed casting furnace at
approximately 50 K above the melting temperature of the alloy.
The molten alloy was then directionally solidified from bot-
tom to top to ensure that the crucible was completely full.
The sample was then placed in the radial heat flow apparatus.

The sample was heated from its center by a single heating
wire and the outside of the sample was kept constant to an
accuracy of £ 0.01 K at 273 K (0 degrees Celsius) by using
a Poly Science digital 9102 model heating/refrigerating cir-
culating bath to maintain a constant radial temperature gra-
dient on the sample. A thin liquid layer (1-2 mm thick) was
melted around the central heating wire and the specimen
was annealed in a very stable temperature gradient over a
long period. During the annealing period, the liquid droplets
move radially towards the hot zone of the sample by tem-
perature gradient zone melting and the single solid phase
can grow on the eutectic cast phase. If the temperature dif-
ference between solidus and liquids lines is high, the freezing
range will be larger and the equilibrating (annealing) time
will be long. The equilibrating (annealing) time for Sn-4.59
at% Mg-5.12 at% Zn alloy was 4 days. During the annealing
period, the temperature in the specimen and the vertical tem-
perature variations on the sample were continuously recorded
by the stationary thermocouples and a moveable thermo-
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couple, respectively, by using a data logger via computer.
The input power was also recorded periodically. The tem-
perature in the sample was kept stable to about + 0.03 K for
up to 4 days. At the end of the annealing time the specimen
was rapidly quenched by turning off the input power which
was sufficient to get a well-defined solid-liquid interface,
because the liquid layer around the central heating wire was
very thin (typically less than 0.5-1 mm).

2.2. Measurements of the coordinates of equilibrated grain
boundary groove shapes

The quenched sample was cut transversely into lengths of
typically 25 mm, and transverse sections were ground flat with
180 grit SiC paper. Grinding and polishing were then carried
out by following a standard route.

The equilibrated grain boundary groove shapes were then
photographed with an Olympus DP12 type CCD digital cam-
era placed on top of an Olympus BX51 type light optical
microscope. A graticule (200 % 0.01 =2 mm) was also pho-
tographed using the same objective. The photographs of the
equilibrated grain boundary groove shapes and the graticule
were superimposed on one another using Adobe PhotoShop
8.0 version software so that accurate measurement of the groove
coordinate points on the groove shapes could be made.

2.3. Geometrical correction for the groove coordinates

The coordinates of the cusp, X, y should be measured
using the coordinates X, y, z where the x axis is parallel to
the solid-liquid interface, the y axis is normal to the solid-
liquid interface and the z axis lies at the base of the grain
boundary groove. Maragh and Hunt [14] devised a geomet-
rical method to make appropriate corrections to the groove
shapes and the details of the geometrical method are given
in Ref. [14].

The coordinates of the equilibrated grain boundary groove
shapes were measured with an optical microscope, to an
accuracy of 10 um, by following Marash and Hunt’s geo-
metrical method so that appropriate corrections to the shape
of the grooves could be deduced [14]. The uncertainty in the
measurements of the equilibrated grain boundary groove
coordinates is 0.1%.

2.4. Measurements of the thermal conductivity of solid
and liquid phases

The thermal conductivity ratio of the equilibrated eutectic
liquid phase (Sn-8.12 at% Mg-4.97 at% Zn) to the solid Sn
phase, R = K (cutectic liquiay/ Ks(sn), must be known or measured
to evaluate the Gibbs-Thomson coefficient with the present
numerical method. The radial heat flow method is an ideal
technique for measuring the thermal conductivity of the solid
phase. The thermal conductivity of the solid Sn phase is
also needed to evaluate the temperature gradient in the solid
phase. In the radial heat flow method, a cylindrical sample
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Fig. 2. Thermal conductivity of eutectic solid phase (Sn-8.12 at%
Mg-4.97 at% Zn) versus temperature in Sn-Mg-Zn system.

was heated by using a single heating wire in alumina tube
along the axis at the center of the sample and the sample
was kept in a temperature gradient for a period to achieve a
steady-state condition. At the steady-state condition, the tem-
perature gradient of the solid phase in the cylindrical speci-
men is given by Fourier’s law
_dar___ 0

Gs dr  2nriK @
where Q is the total input power, r is the distance of the
solid-liquid interface to the center of the sample, / is the
length of the heating wire which is constant and K is the
thermal conductivity of the solid phase. Integration of Eq.
(4) gives

K ©)

“T-T,
where ag=In(r»/r;)/27nt/ is an experimental constant, r; and r,
(r,> 1) are the fixed distances from the central axis of the
specimen, T, and T, are the temperatures at the fixed posi-
tions, r; and 12. Eq. (5) could be used to obtain the thermal
conductivity of the solid phase by measuring the difference
in temperature between two fixed points for a given power
level provided that the vertical temperature variation is
minimum or zero.

The thermal conductivity of the eutectic solid (Sn-8.12
at% Mg-4.97 at% Zn) was measured with the radial heat flow
apparatus. Sufficient amounts of metallic alloys were melted
to produce an ingot of approximately 100 mm in length and 30
mm in diameter in a vacuum furnace. After the processes
was repeated as described in sample production part the
specimen was placed in the radial heat flow apparatus.

The specimen was heated from the center using a single
heating wire (140-190 mm in length and 2.5 mm in diameter,
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Kanthal A-1) in steps of 30 K up to 10 K below the melting
temperature of the alloy and the outside of the specimen was
cooled to maintain a radial temperature gradient. To obtain a
reliable value of thermal conductivity, a larger radial temperature
gradient is desired. For this purpose, the gap between the
cooling jacket and the specimen was filled with free running
sand or graphite dust and the outside of the specimen was
kept at 273 K using a heating/refrigerating circulating bath.
The length of central heating wire was chosen as 10 mm longer
than the length of specimen to make the isotherms parallel
to the vertical axis.

The specimen was kept at a steady-state condition for at
least two hours at a constant temperature. At steady state,
the total input power and the stationary thermocouple tem-
peratures were recorded with a Hewlett Packard 34401 type
multimeter and a Pico TC-08 data-logger. The temperatures
on the different parts of the specimen were measured with
mineral insulated, metal sheathed, 0.5 mm in diameter K type
thermocouples. A zero or minimum vertical temperature gradi-

ent is desired in thermal conductivity measurements. The
vertical temperature for each setting was tried to be constant
by moving the central heater up and down. After all desired
power settings and temperature measurements had been com-
pleted during the heating procedure, the cooling procedure
was started in the same steps down to room temperature.
Then the sample was removed from the furnace and cut
transversely near to the measurement points of thermocou-
ples; after that the specimen was ground and polished for
the measurements of 1, and r,. The positions of the thermo-
couples were then photographed with an Olympus DP12
CCD digital camera placed in conjunction with an Olympus
BX51 type light optical microscope. A graticule (200 x 0.01
=2 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 8.0 software so that accurate measurement of
the distances of the stationary thermocouples could be made
to an accuracy of £10 pm. The transverse and longitudinal

Table 1. Thermal conductivities of solid and liquid phases and their ratios at their eutectic temperatures for Sn based alloys.

Alloy Phases Melting Temperature (K) K (W/Km) R=K/Ks
Eutectic Liquid (Sn-8.12 at% Mg-4.97 at% Zn) 456 41.82 0.83
Sn-Mg-Zn Eutectic Solid (Sn-8.12 at% Mg-4.97 at% Zn) 50.39 '
[PW] Eutectic Liquid (Sn-8.12 at% Mg-4.97 at% Zn) 456 41.82 0.70
Solid (Sn) 59.44 '
Eutectic Liquid (Sn-10 at% Bi-2 at% Ag) 480.65 22.96 072
Sn-Bi-Ag Eutectic Solid (Sn-10 at% Bi-2 at% Ag) ' 31.89 '
26 E ic Liqui -10 at% Bi-2 at% A 22.
[26] utectic 1qu.1d (Sn-10 at% 1' at% Ag) 430,65 96 0.65
Solid (Sn-8.4 at% Bi) 35.50
Liquid (In-21.23 at% Bi-19.04 at% Sn) 332,15 28.07 0.96
Sn-Bi-In Solid (In-21.23 at% Bi-19.04 at% Sn) ’ 29.24 '
[27] Liquid (In-21.23 at% Bi-19.04 at% Sn) 33215 28.07 0.89
Solid Sn solution (Sn-40.14 at% In-16.11 at% Bi) ’ 31.56 )
1 1 o 0,
Sn-Pb qugld (Sn-26.1 at% Pb) 456 322 0.80
[13] Solid (Sn-26.1 at% Pb) 40.1
Peritectic liqui -7.8 at? 4.42
erlltectl.c 1qu.1d (Sn-7.8 at% Sb) 518.65 3 0.85
Peritectic solid (Sn-7.8 at% Sb) 40.50
. A N
Sn-Sb Perltectl.c liquid (Sn-7.8 at% Sb) 518.65 34.42 107
[28] Solid (Sn-41.4 at% Sb) 31.98
Liquid (Sn-5 at% Sb) 22
18. Sl
Solid (Sn-5 at% Sb) S18.65 43 05
Sn-Zn Eutectic liquid (Sn-8.9 wt% Zn) 47 21.10
[29] Eutectic solid (Sn-8.9 wt% Zn) 35.74
s ) 0
Eutectl.c 11qu.1d (Sn-1.3 at% Cu) 500,15 44.76 076
Sn-Cu Eutectic solid (Sn-1.3 at% Cu) 58.90
[30] Eutectic liquid (Sn-1.3 at% Cu) 44.76
500.15 0.75
Solid (Sn) 59.88
Eutectic liquid (Sn-4.4 at% Ag-2.1 at% In) 490.65 42.50 0.68
Sn-Ag-In Eutectic solid (Sn-4.4 at% Ag-2.1 at% In) ’ 62.50 '
[35] Eutectic liquid (Sn-4.4 at% Ag-2.1 at% In) 42.50
Sn solution (Sn-2.1 at% In) 490.65 58.40 0.73

PW: Present Work
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sections of the specimen were examined for porosity, crack
and casting defects to make sure that these would not intro-
duce any error to the measurements.

The thermal conductivity of the eutectic solid versus tem-
perature is plotted in Fig. 2. A comparison of the thermal
conductivity of the eutectic solid with the thermal conduc-
tivity of Mg [23], Sn [24] and Zn [25] is also given in Fig. 2.
The value of K for the Sn-Mg-Zn eutectic solid at the eutectic
temperature was obtained to be 50.39 W/Km, by extrapolat-
ing to the eutectic temperature as shown in Fig. 2.

It is not possible to measure the thermal conductivity of
the 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 thermal con-
ductivity ratio of the liquid phase to the 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 a Bridg-
man-type growth apparatus. The details of the experimental
procedure are given in Refs. (13)-(17).

The thermal conductivity ratio of the eutectic liquid (Sn-
8.12 at% Mg-4.97 at% Zn) to the eutectic solid (Sn-8.12
at% Mg-4.97 at% Zn), R=K{ cutecticyKs(eutecticyy Was experimen-
tally measured as 0.83 with a Bridgman-type growth appa-
ratus. The thermal conductivity of the Sn-8.12 at% Mg-4.97
at% Zn eutectic solid at the eutectic temperature was also
measured to be 50.39 W/Km. The thermal conductivity of the
eutectic liquid phase was then determined to be 41.82 W/Km.
Thus, the thermal conductivity ratio of the equilibrated eutectic
liquid phase to the solid Sn phase, R= K cutectic tiquid) Ks(sn)» 1S
also found to be 0.70 by using the values of thermal conduc-
tivity of the eutectic liquid and thermal conductivity of the
solid Sn 59.44 W/Km [24]. The thermal conductivities of
the solid and liquid phases for solid Sn and Sn-Mg-Zn eutectic
solid and their ratios used in the determination of the Gibbs-
Thomson coefficient are also given in Table 1.

A comparison of the values of Ks and K, for Sn-Mg-Zn
alloy obtained in the present work with the values of Ks and
K. for Sn based alloys [13,26-30] obtained in previous works is
given in Table 1. As can be seen from Table 1, the values of
Ks and K for Sn, obtained in present work agree very well
with the values of Ks and K obtained in previous works.

2.5. Measurement of temperature gradient in the solid
phase

The temperature gradient of the solid phase must be deter-
mined for each grain boundary groove shape. This was done
by measuring the input power, the length of heating wire,
the position of the solid-liquid interface and the value of Ks
for solid Sn phase at the eutectic point. By using these mea-
sured values in Eq. (4), the temperature gradient can be deter-
mined for each grain boundary groove shapes. The total fractional
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uncertainty in the measurement of the temperature gradient
is about 6.5% [14].

3. RESULTS AND DISCUSSIONS

3.1. Determination of Gibbs-Thomson coefficient

If the thermal conductivity ratio of the equilibrated liquid
phase to the solid phase, the coordinates of the grain bound-
ary groove shape and the temperature gradient of the solid
phase are known, the Gibbs-Thomson coefficient (I') can be
obtained using the numerical method described in detail in
Ref. (13). The experimental error in the determination of the
Gibbs-Thomson coefficient is the sum of experimental errors
in the measurement of the temperature gradient, thermal con-
ductivity and groove coordinates. Thus the total error in the
determination of the Gibbs-Thomson coefficient is estimated
to be about 7% [14].

The Gibbs-Thomson coefficients for solid Sn in equilib-
rium with the eutectic liquid (Sn-8.12 at% Mg-4.97 at% Zn)
were determined with the present numerical model by using ten
equilibrated grain boundary groove shapes. Typical grain bound-
ary groove shapes for solid Sn in equilibrium with the eutectic
liquid are shown in Fig. 3.

The values of I" for solid Sn are given in Table 2. The
average value of I” from Table 2 is (8.3 + 0.6) x10™ Km for
solid Sn in equilibrium with the Sn-Mg-Zn eutectic liquid.

3.2. Determination of entropy of fusion per unit volume

In order to determine the solid-liquid interfacial energy it
is also necessary to know the entropy of fusion per unit volume,
AS” for solid phase. The entropy of fusion per unit volume,
AS’ for a two-component system is [31].

* % (CSooicLoo) L

AS
my, (1 _CLoo)CLno VS

(6)

C,, and Cg, are the equilibrium concentrations of solid

Fig. 3. Typical grain boundary groove shape for solid Sn in equilibrium
with the Sn-8.12 at% Mg-4.97 at% Zn eutectic liquid.
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Table 2. The Gibbs-Thomson coefficients for solid Sn in equilibrium with the Sn-8.12 at% Mg-4.97 at% Zn eutectic liquid. The subscripts
LHS and RHS refer to left hand side and right hand side of the groove respectively.

Gibbs-Thomson Coefficient

2 o 0
Grove No Gy x 107 (K/m) o B T x 10° (Km) Tans x 10° (Km)
a 5.63 12.6 12.0 83 8.4
b 5.55 12.3 11.2 8.5 8.6
c 4.32 14.3 12.3 8.3 8.1
d 4.52 10.9 12.0 8.1 8.5
e 4.16 11.8 11.5 8.5 83
f 4.25 12.6 12.6 8.4 8.8
g 4.29 10.3 11.5 8.0 8.4
h 4.56 11.2 10.6 8.0 8.2
i 4.17 14.5 12.0 83 8.4
] 4.45 14.3 12.8 8.4 8.5
T'=(83+0.6)x 10" Km
o is the angle between x' and x axes.
[is the angle between y'and y axes.
and liquid phases for a flat interface, respectively, m; is the Vo=V, Na% (8)

liquidus slope, R is the gas constant, Ty, is the equilibrating
temperature and Vs is the molar volume of solid phase. The
entropy change per unit volume is given by

. AH,1 _AH,
T, Vs T,

m

AS (7

where AH; is the enthalpy of fusion per unit volume. The
enthalpy of fusion also known as (latent) heat of fusion is
the change in enthalpy resulting from heating a given quan-
tity of a substance to change its state from a solid to a liquid.
The temperature at which this occurs is the melting point.

The enthalpy of fusion is a latent heat, because during
melting the introduction of heat cannot be observed as a
temperature change, as the temperature remains constant
during the process. The latent heat of fusion is the enthalpy
change of any amount of substance when it melts. When the
heat of fusion is referenced to a unit of mass, it is usually
called the specific heat of fusion, while the molar heat of
fusion refers to the enthalpy change per amount of substance
in moles.

The liquid phase has a higher internal energy than the
solid phase. This means energy must be supplied to a solid
in order to melt it and energy is released from a liquid when
it freezes, because the molecules in the liquid experience
weaker intermolecular forces and so have a higher potential
energy (a kind of bond-dissociation energy for intermolecu-
lar forces).

The molar volume of solid is expressed as

where V. is the volume of the unit cell, N, is the Avogadro’s
number and n is the number of molecules per unit cell.

The enropy of fusion for solid Sn solution in the Sn-Cu
system was determined as 1.3 10° J/Km’ by Kaygisiz et al. [30]
at the equilibrating temperature of 500 K. Solid Sn solution
phases in the Sn-Cu and Sn-Mg-Zn systems have same crystal
structures and the enthalpy of fusion per unit volume for
solid Sn solutions in both Sn-Cu and Sn-Mg-Zn systems should
be close to each other. Therefore, the entalpy of fusion per unite
volume for solid Sn solution, AH: =AH§n /Vs is obtained to
be 6.5x10° J/m’ from Gibbs-Thomson equation by multiplying
the value of 1.3x10° J/Km® with the equilibrating temperature
of 500 K. Thus, the entropy of fusion per unit volume for
solid Sn solution in the Sn-Mg-Zn ternary system is deter-
mined to be 1.42x10° J/Km’ from equation (6) at the equilibrated
melting temperature of 456 K by dividing the enthalpy of
fusion per unit volume (6.5x10° J/ms) to the equilibrated
melting temperature of 456 K. Some physical properties for
solid Sn in equilibrium with Sn-8.12 at% Mg-4.97 at% Zn
eutectic liquid are given in Table 3. The error in the determi-
nation of entropy of fusion per unit volume is estimated to
be about 5% [13,14,32].

3.3. Evaluation of the solid-liquid interfacial energy

If the values of T and AS are known, the value of the solid-
liquid interfacial energy, os;, can be evaluated from Eq. (3).
The solid-liquid interfacial energy of the solid Sn in equilib-

Table 3. Some physical properties for solid Sn in equilibrium with Sn-8.12 at% Mg-4.97 at% Zn eutectic liquid

Alloy Solid Phase Liquid Phase Eutectic Melting Temperature K AS (JK'm”)
Sn-Cu Sn Sn-1.3 at% Cu 500.15 [30] 1.3 x10°[30]
Sn-Mg-Zn Sn Sn-8.12 at% Mg-4.97 at% Zn 456 [22] 1.4 % 10°
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rium with the Sn-Mg-Zn eutectic liquid (Sn-8.12 at% Mg-
4.97 at% Zn) was calculated as (118.5 + 14.2)x10” J m” by using
the values of T and AS”. The experimental error in the deter-
mination of solid-liquid interfacial energy is the sum of experi-
mental errors of the Gibbs-Thomson coefficient and the entropy
change of fusion per unit volume. Thus, the total experimen-
tal error of the solid-liquid interfacial energy evaluation in
the present work is estimated to be about 12%.

3.4. Grain boundary energy

If the grains on either side of the grain boundary are in the
same phase then the grain boundary energy can be expressed
by

Gy = 2G5,€080 )

where 0= (0 + 05)/2 is the angle that the solid-liquid inter-
faces make with the y axis. The angles, 6, and 0z were obtained
from the cusp coordinates, x, y using a Taylor expansion for
parts at the base of the groove. According to Eq. (1), the value
of oy, should be smaller or equal to twice the solid-liquid
interfacial energy, i.e. Gy < 205

The value of the grain boundary energy for the solid Sn
was found to be (225.1 £ 29.3)x10” J m™ by using the values
of the os. and 0 in Eq. (9). The estimated error in the deter-
mination of 8 angles was found to be 1%. Thus the total
experimental error in the resulting grain boundary energy is
about 13%.

Interfacial energy anisotropy is considered to play a criti-
cal role in many phase transformations. The determination
of the effects of anisotropy on the interfacial energy is diffi-
cult. In the literature, there are no theoretical or experimen-
tal available data for the anisotropy of the interfacial energy

of the solid Sn phase. Thus the solid-liquid interfacial energy
is assumed to be isotropic. A comparison of the values of
the Gibbs-Thomson coefficient (I'), solid-liquid interfacial
energy (os.) and grain boundary energy (cg) for solid Sn
phase measured in the present work with the values of T,
Os1, Oy for solid Sn phases in different alloy systems obtained
in previous works is given in Table 4. As can be seen from
Table 4, the resulting values of 65, and 6, for solid Sn in the
Sn-Mg-Zn system agree well with the values of os; and 6,
determined in previous works [13,26,27,30,33-35] for solid
Sn phases. From the comparison, it can be concluded that
for solid Sn in equilibrium with different liquid, the Gibbs-
Thomson coefficient seems to be constant and does not depend
on the composition of liquid but the solid-liquid interfacial
energy changes slightly with a composition of the liquid at a
constant temperature.

In order to estimate the interfacial energy an empirical
relationship between the interfacial energy and melting enthalpy
change was proposed by Turnbul [3] and is expressed as

TAH),
Ogp = W (10)
where the coefficient T was found to be 0.45 for metals (espe-
cially closely packed metals) and 0.34 for nonmetallic systems
at about 20% of undercooling below the melting point [3],
AHy is the enthalpy of fusion, Vs is molar volume of the solid
phase and N, is the Avogadro constant. However, subsequent
experiments generated substantially larger values of under-
cooling resulting in larger values of os;, indicating that such
experiments typically underestimate o, except where there
is independent evidence that homogenous rather than het-
erogeneous nucleation was operative. The other disadvantages

Table 4. A comparison of the values of I, o5 and o, and for solid Sn obtained in the present work with the values of T, os. and o
obtained in previous works for similar eutectic alloys

System Solid phase Liquid phase (TKM) {1:1131)8 G(SJL;I% 3 c?}bz}%}
S“iyvf‘é']zn Sn ™. ZE;EZ"E/IC;_E‘;SM% zny 456 82%06 1185+142 2251293
Sn'[%g]'Bl ( Si?;f;ﬁf};i) ( | e A 48065 B4E06 1089131 20824271

S[I;'OC]“ Sn (Si‘ftfggcaltiozuici) 50015  87+06 113.1£136 2224289
Sn_[/;g]_ o (Sn-0.09 at% ing-OA at% Zn) (Sn-4,0Ea111tt°chig{11q.l6n:t% Zn) 490 821207 1162+151 228.1+342

S[n3' j}g Sn. Oszt% D (Si‘fgegjcaﬁ“fg) 494 8.86+0.71 113.41 £ 14.74 222.96 +33.4

S[Ii';b Snl. e by (sitzegficaltﬁ)iulgi) 456 7854063 1324+50 26274367
Sniﬁsg]‘ln ( SIS:;;";E}/STI‘H) (sn- 4;‘;:5/?:;;?‘;% my 49065 BSE06 14225170 27304355
Sn-In-Bi Sn solution Eutectic liquid 33215 7.68+039 1444+ 144 284.6+313

[27] (Sn-40.14 at% In-16.1 at% Bi) (In-21.23 at% Bi-19.04 at% Sn)

PW: Present Work
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of deriving o5, from undercooling experiments were discussed
by Jones [4] and Eustathopoulos [5].

As mentioned above, the groove profile method actually
measures I = o5/AS  so that value is required for AS’ to
evaluate os.. Substituting Eq. (3) into Eq. (10) gives

173

V. 1/3
r= rTm(—M) =17, Q (11)

N,
where Q is volume per atom.

Gransasy et al., [36] calculated the value of T from the
broken-bond theory. The minimum values of t for the fcc,
hep, bee, de and sc structures were found to be 0.458, 0.458,
0.445, 0.289 and 0.333 respectively, and the maximum value of
1 for the fcc, hep, bec, de and sc structures were also found
to be 0.592, 0.582, 0.630, 0.500 and 0.577 respectively at the
melting temperature. Hoyt et al. [12] plotted the Turnbull
relationship for many fcc and bee metals via the capillarity
fluctuation method (CFM) and also found the values of T for
the fcc and bec structures to be 0.55 and 0.29, respectively.
More recently, Jones [37] has compared the values of I' and
os. measured by groove profile methods with the values of
I' and 6g. measured by other methods and determined the val-
ues of T for metallic binary alloys by using the measured values
of I. He found the values of 1 to range from 0.13 for ANi
to 1.0 for a-Al. According to the values of T determined by
Jones [37], the value of t changes with the type of material
and it might be in the range from 0.13 to 1.0 for the binary
metallic materials. In the present work, the average value of
T for solid Sn was obtained to be 0.61 from Eq. (10) by
using the determined values of " and is in a good agreement
with the value of 1 calculated from the supercooling experi-
ments of Turnbull [3] for metallic materials.

4. CONCLUSIONS

A radial temperature gradient on the sample was estab-
lished by heating from the center with a single heating wire
and cooling the outside of the sample with a heating/refrig-
erating circulating bath. The equilibrated grain boundary groove
shapes for solid Sn in equilibrium with the Sn-Mg-Zn eutectic
liquid were observed from a quenched sample. Some thermo-
physical properties such as the Gibbs-Thomson coefficient,
solid-liquid interfacial energy and grain boundary energy of
solid Sn in equilibrium with the Sn-Mg-Zn eutectic liquid were
experimentally determined from the observed grain boundary
groove shapes. The thermal conductivity of the eutectic solid
phase at the eutectic temperature was also determined. All
these determined values agree well with the values determined
in previous works for solid Sn phases in different systems.
In future research, the solid-liquid interfacial energy may
also be theoretically determined by recently improved com-
putational simulation methods [38,39] by applying the method
to the grain boundary groove shapes.
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