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a b s t r a c t

The equilibrated grain boundary groove shapes in the Al–Ag and Sn–Ag eutectic systems for the first
time were observed in a linear temperature gradient by using a Bridgman type directional solidification
apparatus. Gibbs–Thomson coefficient, solid–liquid interfacial energy and grain boundary energy for solid
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urfaces and interfaces

� (Ag–42 at.% Al), solid Al solution (Al–23.8 at.% Ag) and solid Sn were determined from observed grain
boundary groove shapes. The results obtained in present work have been compared with the experimental
results obtained in previous works for similar solid phases in the binary and ternary alloys.

© 2009 Elsevier B.V. All rights reserved.
rystal growth
hase transitions

. Introduction

The solid–liquid interfacial energy, �SL, is recognized to play a
ey role in a wide range of metallurgical and materials phenomena
rom wetting [1] and sintering through to phase transformations
nd coarsening [2]. Thus, a quantitative knowledge of �SL values is
ecessary. The measurement of �SL in pure materials and alloys is
ifficult. Recently, a technique for the quantification of interfacial
ree energy from the grain boundary groove shape has been estab-
ished [3–29]. Observation of groove shape in a thermal gradient
an be used to determine the interfacial energy, in dependent of
he grain boundary energy because the interface near the groove

ust everywhere satisfy:

Tr =
[

1
�S∗

][(
�SL + d2�SL

dn2
1

)
�1 +

(
�SL + d2�SL

dn2
2

)
�2

]
(1)

here �Tr is the curvature undercooling, �S* is the entropy of
usion per unit volume, n = (nx, ny, nz) is the interface normal, �1 and
2 are the principal curvatures, and the derivatives are taken along
he directions of principal curvature. Thus, the curvature under-

ooling is a function of curvature, interfacial free energy and the
econd derivative of the interfacial free energy. Eq. (1) is valid only
f the interfacial free energy per unit area is equal to surface tension
er unit length, �SL = � . When surface energy differs from surface

∗ Corresponding author. Tel.: +90 352 4374901x33114; fax: +90 352 4374933.
E-mail address: marasli@erciyes.edu.tr (N. Maraşlı).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.08.156
tension, the problem is more complicated and the precise modifi-
cation of the Gibbs–Thomson equation is not yet established [30].
When the solid–liquid interfacial free energy is isotropic, Eq. (1)
becomes:

�Tr = �SL

�S∗

(
1
r1

+ 1
r2

)
(2)

where r1 and r2 are the principal radii of curvature. For the case of a
planar grain boundary intersecting a planar solid–liquid interface,
r2 = ∞ and the Eq. (2) becomes:

� = r �Tr = �SL

�S∗ , (3)

where � is the Gibbs–Thomson coefficient. This equation is called
the Gibbs–Thomson relation [3]. At present the most powerful
method to measure solid–liquid interface energy experimentally
uses the Gibbs–Thomson equation. Measurements of solid–liquid
interfacial energies were made for some transparent organic mate-
rials [3–13].

Gündüz and Hunt [14] have developed an apparatus to
observe the equilibrated grain boundary groove shapes in opaque
binary eutectic systems. The details of apparatus and experi-
mental procedures are given in Ref. [14]. Gündüz and Hunt [14]
have also developed a finite difference model to determine the

Gibbs–Thomson coefficient from observed grain boundary groove
shapes. If the grain boundary groove shape, the temperature gra-
dient in the solid, GS and the ratio of thermal conductivity of
the equilibrated liquid phase to solid phase, R = KL/KS are known
or measured the value of the Gibbs–Thomson coefficient is then

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:marasli@erciyes.edu.tr
dx.doi.org/10.1016/j.jallcom.2009.08.156
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Fig. 1. (a) Block diagram of the experimental setup and (b) t

btained with the Gündüz and Hunt numerical method [14]. The
olid–liquid interfacial energy measurements for some metallic
inary and ternary eutectic based systems were made in Refs.
14–23].

Bayender et al. [24] designed a horizontal temperature gradient
tage to directly observe equilibrated grain boundary groove shape
or transparent materials. They applied Gündüz and Hunt’s numer-
cal method to determine Gibbs–Thomson coefficients, solid–liquid
nterface energies and grain boundary energies. Measurements of
he solid–liquid interface energies for some transparent organic
inary systems were also made in Refs. [24–28].

As described in Refs. [14–23], the experimental process to
bserve the equilibrated grain boundary groove shapes in opaque
inary alloys with the radial heat flow apparatus is very hard, and
eeds a long period, usually more than one week. The experi-
ental setup is also very complicate and needs a very sensitive

emperature control. There was also a working temperature range
imitation on the experimental technique. More recently, Böyük et
l. [29] have developed an experimental technique to observe the
quilibrated grain boundary groove shapes in opaque alloys. In the
xperimental technique, a constant linear temperature gradient on
he sample was established by heating from one side of the sample
nd cooling the other side of the sample at 273 K with a heat-
ng/refrigerating circulating bath in a Bridgman type directional
olidification apparatus and annealed for few hours (4–6 h). At the
nd of the annealing time the specimen was rapidly quenched
y just pulling it into the water cooled bath. This experimental
echnique is very simple, useful and also can be used for metal-
ic alloys, which have high melting temperature (especially higher

han 973 K).

Some thermo-physical properties such as Gibbs–Thomson coef-
cient, solid–liquid and grain boundary energies in the Al–Ag
nd Sn–Ag eutectic systems have not been well known. This sort
f thermo-physical properties could be of use to people doing
tails of the Bridgman type directional solidification furnace.

comparison between experimentally observed solidification mor-
phology and predictions from theoretical models. Thus the aims
of the present work were to observe the grain boundary groove
shapes in the Al–Ag and Sn–Ag alloys with a Bridgman type solidi-
fication apparatus and determine the Gibbs–Thomson coefficients,
solid–liquid interfacial energies and grain boundary energies in the
Al–Ag and Sn–Ag alloys from the observed grain boundary groove
shapes.

2. Experimental procedure

2.1. Experimental apparatus

As mentioned above, Böyük et al. [29] have observed the equilibrated grain
boundary groove shapes in opaque alloys by using the Bridgman type directional
solidification apparatus. In the present work, a similar experimental technique was
used to observe the equilibrated grain boundary groove shapes in the Al–Ag and
Sn–Ag alloys. Block diagram of experimental setup and the details of Bridgman type
directional solidification apparatus are shown in Fig. 1.

2.2. Sample production

A thin-walled graphite crucible, 12.0 mm OD × 8.0 mm ID × 150 mm in length
was made by drilling out a graphite rod, 12.0 mm diameter and 600 mm in length.
A hole, 1.5 mm in diameter was drilled at the bottom of crucible for thermocouples
insulation as shown in Fig. 1b.

The phase diagrams of Ag–Al and Sn–Ag binary systems are given in Ref. [31].
The structures of solid phases with the composition range of 42–100 at.% Al in Ag–Al
binary system consist of solid � and solid Al solution phases at the eutectic temper-
ature and the compositions of solid �, and Al solution phases are 42 at.% Al and
76.2 at.% Al [31], respectively. The solid solubility of Ag in Sn is less than 0.09 at.%
Ag at 210 ◦C [31]. Thus the compositions of alloys were chosen to be Ag–43 at.% Al,
Al–23.8 at.% Ag and Sn−1 at.% Ag to grow the single solid � (Ag–42 at.% Al), solid Al

solution (Al–23.8 at.% Ag) and solid Sn on the eutectic structures.

Alloys were prepared in a vacuum furnace by using 99.9% pure silver and 99.999%
pure aluminum and 99.99% pure tin. After stirring, the molten alloy was poured into
a graphite crucible held in a specially constructed casting furnace at approximately
50 K above the melting point of the alloy. The molten metal was then directionally
solidified from bottom to top to ensure that the crucible was completely full.
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Table 1
Temperature gradients of solid and liquid phases and thermal conductivity ratios of equilibrated liquid phase to solid phase in the Ag–Al and Sn–Ag binary eutectic alloy at
their melting temperature.

Alloy Phases Melting temperature (K) G (K/mm) R = GS/GL

Ag–Al

Liquid (Al–37.5 at.% Ag) 839 7.21 1.03
Solid � (Ag–42 at.% Al) 7.43
Liquid (Al–37.5 at.% Ag) 839 5.84 0.67

2
p
a
p
t
i
l
f
j
i

2
s

d
w
A
w
C

d
(
t
s
g

f
m
m
m
e
s
g
r
a

2

±
t
4
s
p
l
o
g
i

2

s
G

s
r

R

w
t
l
a
I

liquid interface
The Gibbs–Thomson coefficients for solid Al solution

(Al–23.8 at.% Ag) in equilibrium with the eutectic Al–Ag liq-
uid were determined with the present numerical model by using
10 equilibrated grain boundary groove shapes and are given in

Table 2
Gibbs–Thomson coefficient for solid � in equilibrium with the Ag–37.5 at.% Al liquid.
The subscripts LHS and RHS refer to left hand side and right hand side of groove,
respectively.

Grove no. ˛◦ ˇ◦ Gibbs–Thomson coefficient

� LHS × 10−8 (Km) �RHS × 10−8 (Km)

a 4.6 26.4 8.28 8.34
b 6.7 34.6 8.44 8.46
c 4.2 11.6 8.56 8.29
d 5.8 32.5 8.21 8.39
e 4.4 18.7 8.26 8.38
f 2.3 28.2 8.50 8.42
g 9.4 11.3 8.36 8.48
Solid Al (Al–23.8 at.% Ag)

Sn–Ag
Liquid (Sn–3.84 at.% Ag) 494
Solid Sn (Sn–0.09 at.% Ag)

The specimen was then positioned in a graphite cylinder (300 mm in length
0 mm ID and 40 mm OD) held in a Bridgman type furnace to get a uniform tem-
erature distribution in the horizontal direction of the specimen as shown in Fig. 1b
nd annealed in a linear temperature gradient for a sufficient period. The single solid
hase grew on the casting phase during the annealing period. The annealing time for
hese alloys was 4–6 h. During the annealing period, the temperatures on the spec-
men were continuously recorded by four stationary thermocouples with a data
ogger via computer. The temperature on the sample was stable to about ± 0.05 K
or hours. At the end of the annealing time the specimen was rapidly quenched by
ust pulling it into the water cooled bath. Detail of experimental procedure is given
n Ref. [29].

.3. Measurements of the coordinates of equilibrated grain boundary groove
hapes

The quenched sample was removed from the graphite crucible and cut longitu-
inally into 8 mm length around the solid–liquid interface. The longitudinal section
as ground flat with 180 grit Sic paper and then cold mounted with epoxy-resin.
fter grinding and polishing, the samples of Ag–Al and Sn–Ag alloys were etched
ith Keller’s etch (1.5% HCl–0.5% HF–2.5% HNO3–95.5% H2O) for 10–15 s and 2 g
rO3–10 ml g H2SO4 in 90 ml water for 2–3 s, respectively.

The equilibrated grain boundary groove shapes were photographed with a CCD
igital camera placed in conjunction with a light optical microscope. A graticule
200 × 0.01 = 2 mm) was also photographed using the same objective. The pho-
ographs of the equilibrated grain boundary groove shapes and the graticule were
uperimposed on one another using software so that accurate measurement of the
roove coordinate points on the groove shapes could be made.

The coordinates of cusp x′ , y′ from the metallographic section must be trans-
ormed to x, y coordinates. Maraşlı and Hunt [15] devised a geometrical method to

ake appropriate corrections to the groove shapes and the detail of geometrical
ethod is given in Ref. [15]. Geometrical correction for the groove coordinates was
ade by following Maraşlı and Hunt’s [15] geometrical method. The coordinates of

quilibrated grain boundary groove shapes were measured with an optical micro-
cope to an accuracy of ±10 �m. The thickness of the sample (2–2.5 cm lengths) for
eometrical correction was measured with a digital micrometer which has ±1 �m
esolution. Thus the uncertainty in the measurements of equilibrated grain bound-
ry coordinates was less than 0.2% [29].

.4. The temperature gradient measurement

The temperature of Bridgman type furnace was controlled to an accuracy of
0.1 K. The temperature in the specimen was measured with 0.25 mm diame-

er insulated four K-type thermocouples fixed within the sample with spacing of
–6 mm as shown in Fig. 1b. During the annealing period, the temperatures on the
olid and liquid phases were continuously recorded by the stationary thermocou-
les with a data logger via computer. The temperature gradients (G = �T/�X) in the

iquid and solid phases for each sample were determined using the measured values
f �T and �X and given in Table 1. Details of the measurement of �T and �X are
iven in Ref. [29]. The estimated error in the measurements of temperature gradient
s about 4% [29].

.5. Thermal conductivity ratio of equilibrated liquid phase to solid phase

The thermal conductivity ratio of equilibrated eutectic liquid phase to
olid phase, R = KL(eutectic liquid)/KS must be known or measured to evaluate the
ibbs–Thomson coefficients with the present numerical method.

At the steady-state condition, the heat flow away from the interface through the
olid phase must balance that of the liquid phase so that the thermal conductivity
atio of liquid phase to solid phase, R is given by

= KL = GS , (4)

KS GL

here GL and GS are the temperature gradients of liquid and solid phases, respec-
ively at the steady-state condition. The temperature gradients on the solid and
iquid phase were measured at the steady-state condition. The values of GL, GS

nd R used in determination of Gibbs–Thomson coefficients are given in Table 1.
n present work, the value of R was determined from the temperature gradient
3.89

2.23 1.16
2.60

measurements on the solid and liquid phases in the same time with grain bound-
ary groove shape observation by using the Bridgman type directional solidification
apparatus.

3. Results and discussion

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 shapes and the temperature gradient of the solid
phase are known, the Gibbs–Thomson coefficient (� ) can be
obtained using the numerical method described in detail Ref.
[14].

The experimental error in the determination of Gibbs–Thomson
coefficient is the sum of experimental errors in the measurements
of the temperature gradient in the solid and liquid phases and
groove coordinates. Thus the total error in the determination of
Gibbs–Thomson coefficient is about 8% [29].

3.1.1. Solid � (Ag–42 at.% Al) phase in equilibrium with the
eutectic Ag–Al liquid interface

The Gibbs–Thomson coefficients for solid � (Ag–42 at.% Al) in
equilibrium with the eutectic Ag–Al liquid were determined with
the present numerical model by using ten equilibrated grain bound-
ary groove shapes and given in Table 2. Typical grain boundary
groove shapes for solid � (Ag–42 at.% Al) in equilibrium with the
Ag–Al eutectic liquid are shown in Fig. 2a and b. The average value
of � from Table 2 is obtained to be (8.40 ± 0.67) × 10−8 Km for solid
� (Ag–42 at.% Al).

3.1.2. Solid Al solution in equilibrium with the eutectic Al–Ag
h 6.4 23.8 8.32 8.35
i 2.8 16.5 8.31 8.40
j 3.9 19.9 8.50 8.68

�̄ (8.40 ± 0.67) × 10−8 Km
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Fig. 2. Typical grain boundary groove shapes observed with a Bridgm
able 3. Typical grain boundary groove shapes for solid Al solution
n equilibrium with the eutectic Al–Ag liquid are shown in Fig. 2c
nd d. The average value of � from Table 3 is obtained to be
20.4 ± 1.6) × 10−8 Km for solid Al solution.

able 3
ibbs–Thomson coefficient for solid Al solution in equilibrium with the Ag–37.5 at.%
l liquid. The subscripts LHS and RHS refer to left hand side and right hand side of
roove, respectively.

Grove no. ˛◦ ˇ◦ Gibbs–Thomson coefficient

� LHS × 10−8 (Km) � RHS × 10−8 (Km)

a 5.2 10.4 18.9 21.2
b 6.3 22.5 21.6 20.7
c 4.2 12.7 19.7 21.4
d 3.8 31.5 21.5 19.3
e 5.4 20.9 20.8 20.8
f 3.3 32.2 19.5 19.4
g 2.4 15.3 20.4 18.9
h 6.4 24.8 20.9 19.3
i 3.9 11.9 21.3 21.7
j 2.8 16.3 19.4 21.3

�̄ (20.4 ± 1.6) × 10−8 Km
pe directional solidification apparatus in the Ag–Al and Sn–Ag alloys.

3.1.3. Solid Sn in equilibrium with the eutectic Sn–Ag liquid
interface

The Gibbs–Thomson coefficients for solid Sn in equilibrium with
the eutectic Sn–Ag liquid were also determined with the present
numerical model by using 10 equilibrated grain boundary groove
shapes and given in Table 4. Typical grain boundary groove shapes
for solid Sn in equilibrium with the eutectic Sn–Ag liquid are also
shown in Fig. 2e and f. The average value of � from Table 4 is
obtained to be (8.86 ± 0.71) × 10−8 Km for solid Sn.

3.2. Determination of entropy of fusion per unit volume

It is also necessary to know the entropy of fusion per unit
volume, �Sf for the solid phases to determine the solid–liquid
interfacial energy. The entropy change per unit volume for an alloy
is given by [14]:

RTM CS − CL
�Sf =
mLVS (1 − CL) CL

, (5)

where CS and CL are the solid and liquid compositions, respectively,
R is the gas constant, TM is the melting temperature, VS is the molar
volume of solid phase and mL is the slope of liquidus. The molar
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Table 4
Gibbs–Thomson coefficient for solid Sn in equilibrium with the Sn–3.84 at.% Ag liq-
uid. The subscripts LHS and RHS refer to left hand side and right hand side of groove,
respectively.

Grove no. ˛◦ ˇ◦ Gibbs–Thomson coefficient

� LHS × 10−8 (Km) � RHS × 10−8 (Km)

a 5.6 21.6 9.48 9.56
b 6.9 27.4 8.63 8.83
c 5.8 18.6 9.13 8.19
d 4.7 15.5 8.39 8.27
e 4.4 11.7 8.26 9.45
f 3.2 28.2 8.34 8.42
g 9.4 12.4 9.42 9.32
h 8.3 32.1 8.88 8.21
i 4.6 14.9 8.56 9.48
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j 3.9 19.9 9.52 8.68

�̄ (8.86 ± 0.71) × 10−8 Km

olume of solid is expressed as

S = VcNa
1
n

, (6)

here Vc is the volume of the unit cell, Na is the Avogadro’s number
nd n is the number of molecules per unit cell.

The values of the relevant constant used in the determination of
ntropy change per unit volume are given in Table 5. The error in the
etermined entropy change of fusion per unit volume is estimated
o be about 5% [33].

.3. Determination of solid–liquid interfacial energies in the
l–Ag and Ag–Sn alloys

If the values of � and �Sf are known, the value of solid–liquid
nterfacial energy, �SL can be determined from Eq. (3). The experi-

ental error in the determination of solid–liquid interfacial energy

s the sum of experimental errors of the Gibbs–Thomson coefficient
nd the entropy change of fusion per unit volume. Thus, the total
xperimental error of the solid–liquid interfacial energy determi-
ation in the present work is about 13%. The solid–liquid interfacial
nergy of solid � (Ag–42 at.% Al) in equilibrium with the eutec-

able 5
ome thermo-physical properties in the Ag–Al and Sn–Ag binary alloys.

Alloys Single solid phase CS Quenched liquid phase CL f (C)

Ag–Al
Ag–42 at.% Al [31] Al–37.5 at.% Ag [31] −0.87
Al–23.8 at.% Ag [31] Al–37.5 at.% Ag [31] 0.58

Sn–Ag Sn–0.09 at.% Ag [31] Sn–3.84 at.% Ag [31] −1.62

(C) = CS − CL/[(1 − CL)CL].

able 6
comparison of the values of � , �SL and �gb for Ag–Al and Sn–Ag binary alloys obtained

System Solid phase Liquid phase Tem

Ag–Al � (Ag–42 at.% Al) Al–37.5 at.% Ag 839
Al–Si Al (Al–1.59 at.% Cu) Al–12.1 at.% Si 850
Al–Mg Al (Al–18.9 at.% Mg) Al–37.4 at.% Mg 723
Al–CuAl2 Al (Al–2.5 at.% Cu) Al–17.3 at.% Cu 821
Al–NiAl3 Al (Al–0.023 at.% Ni) Al–3.06 at.% Ni 913
Al–Ti Al (Al–0.186 at.% Ti) Al–0.0169 at.% Ti 938
Al–Cu–Ag Al (Al–16.42 at.% Ag–4.97 at.% Cu) Al–16.57 at.% Ag–11.87 at.% Cu 775
Al–Cu–Ag Al (Al–16.42 at.% Ag–4.97 at.% Cu) Al–16.57 at.% Ag–11.87 at.% Cu 775
Al–Ag Al (Al–23.8 at.% Ag) Al–37.5 at.% Ag 839

Sn–In–Bi Sn (Sn–40.14 at.% In–16.11 at.% Bi) In–21.23 at.% Bi–19.04 at.% Sn 332
Sn–Pb Sn (Sn–1.45 at.% Pb) Sn–26.1 at.% Pb 456
Sn–Cd Sn (Sn–5.83 at.% Cd) Sn–33.46 at.% Cd 450
Sn–Ag Sn (Sn–0.09 at.% Ag) Sn–3.84 at.% Ag 494

W: present work.
ompounds 488 (2009) 138–143

tic Ag–Al liquid, solid Al solution (Al–23.8 at.% Ag) in equilibrium
with the eutectic Al–Ag liquid and solid Sn in equilibrium with the
eutectic Sn–Ag liquid was determined to be (64.68 ± 8.41) × 10−3,
(166.32 ± 21.62) × 10−3 and (113.41 ± 14.74) × 10−3 J m−2, respec-
tively by using the values of � and �Sf for each phases.

3.4. Calculation of grain boundary energy of solid �, solid Al
solution and solid Sn

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

�gb = 2�SL cos �, (7)

where � = (�A + �B)/2 is the angle that the solid–liquid interfaces
make with the y axis. The angles, �A and �B were obtained from
the cusp coordinates, x, y using a Taylor expansion for parts at the
base of the groove. According to Eq. (7), the value of �gb should
be smaller or equal to twice of solid–liquid interface energy, i.e.
�gb ≤ 2�SL.

The estimated error in determination of � angles was found
to be 2%. Thus the total experimental error in the resulting grain
boundary energy is about 15%. The values of the grain boundary
energy for solid � (Ag–42 at.% Al), solid Al solution (Al–23.8 at.%
Ag) and solid Sn were found to be (119.94 ± 17.99) × 10−3,
(329.40 ± 49.41) × 10−3 and (222.96 ± 33.44) × 10−3 J m−2, respec-
tively by using the values of �SL and � for each phase in
Eq. (6).

The role of interfacial energy anisotropy is considered to play
a critical role in many phase transformations. Solid � (Ag–42 at.%
Al), solid Al solution (Al–23.8 at.% Ag) and solid Sn phases have the
rough solid–liquid interfaces. The anisotropy of solid–liquid inter-
facial energy for rough solid–liquid interfaces in metals is known to
be small, in order of 1–2% [34]. In the present work, the solid–liquid
interface energy was assumed to be isotropic and a mean values of

solid–liquid interfacial energy were obtained.

A comparison of the values of Gibbs–Thomson coefficient (� ),
solid–liquid interface energy (�SL) and grain boundary energy (�gb)
for solid �, solid Al solution and solid Sn obtained in the present
work with the values of � , �SL and �gb for similar solid phases

Tm (K) Vs × 10−6 (m3) mL × 102 (K/at.%) �Sf × 106 (J/K m3)

839 9.88 −7.97 [31] 0.77 ± 0.038
839 9.9068 [32] 5.04 [31] 0.82 ± 0.042

494 16.2 3.21 [31] 1.28 ± 0.064

in the present work with the values of � , �SL and �gb obtained in previous works.

perature (K) � × 10−8 (Km) �SL × 10−3 (J m−2) �gb × 10−3 (J m−2)

8.4 ± 0.67 [PW] 64.68 ± 8.41 [PW] 119.94 ± 17.99 [PW]
19.6 ± 1.6 [14] 168.95 ± 21.96 [14] 336.50 ± 47.11 [14]
13.0 ± 1.0 [35] 149.20 ± 19.40 [35] 295 ± 41 [35]
23.6 ± 1.6 [15] 160.01 ± 19.20 [15] 234.70 ± 45.46 [15]
18.6 ± 1.3 [15] 171.56 ± 20.58 [15] 336.50 ± 47.11 [15]
13.1 ± 0.9 [15] 174.62 ± 20.95 [15] 335.14 ± 46.92 [15]

6.3 ± 1.4 [23] 67 ± 15 [23] –
22.9 ± 1.6 [36] 137.40 ± 16.49 [36] 268.20 ± 34.87 [36]
20.4 ± 1.6 [PW] 166.32 ± 21.62 [PW] 329.40 ± 49.41 [PW]

7.68 ± 0.39 [37] 144.4 ± 14.4 [37] 284.6 ± 31.3 [37]
7.85 ± 0.63 [14] 132.43 ± 5.0 [14] 262.77 ± 36.79 [14]

7.3 ± 0.6 [38] 146 ± 11 [38] 283 ± 40 [38]
8.86 ± 0.71 [PW] 113.41 ± 14.74 [PW] 222.96 ± 33.44 [PW]
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etermined in previous works is given in Table 6. As can be seen
rom Table 6, the resulting values of Gibbs–Thomson coefficient
� ), solid–liquid interfacial energy (�SL) and grain boundary energy
�gb) for solid Al solution are in good agreement with the values of
, �SL and �gb obtained with in previous works in the limits of

xperimental errors except the values � , �SL and �gb obtained by
ulla et al. [23]. The statistical fluctuation in their determination
f � is about 85% [23]. As can be also seen from Table 6, the aver-
ge value of � for solid Al solution obtained by Bulla et al. [23] is
bout three times smaller than the other average values of � for
imilar solid phase obtained in present and previous works. As can
e also seen from Table 6, the resulting value of � for solid Sn is
lightly bigger than the values of � for similar solid Sn phases but
he resulting values of �SL and �gb for solid Sn phase are lower
han the values of �SL and �gb for similar solid Sn phases obtained
n previous works. This difference is probably due to the difference
etween the entropy change of fusion per unit volume for each
hases. In literature, there is no any theoretical and experimen-
al available data for solid � phase to make a comparison with our
alues.

. Conclusion

In the present work, a linear temperature gradient on the verti-
al sample was established by heating from one end of sample and
ooling the other end at 280 K with a heating/refrigerating circu-
ating bath in a Bridgman type directional solidification apparatus.
he sample was melted and annealed for 4–6 h in a linear temper-
ture gradient. At the end of the annealing period, the sample was
uenched by just pulling it into the water cooled bath. The equili-
rated grain boundary groove shapes in Ag–Al and Sn–Ag binary
lloys for the first time were observed from quenched sample.
ibbs–Thomson coefficient, solid–liquid interfacial energies and
rain boundary energies for solid �, solid Al solution and solid Sn
ave been determined from the observed grain boundary groove
hapes.
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Condens. Matter 19 (2007) 506102.
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