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Abstract

The equilibrated grain boundary groove shapes for solid succinonitrile (SCN) in equilibrium with the succinonitrile (SCN) dichlorobenzene
(DCB) eutectic liquid were directly observed. From the observed grain boundary groove shapes, the Gibbs–Thomson coefficient and solid–liquid
interfacial energy for solid SCN in equilibrium with the SCN DCB eutectic liquid have been determined to be (5.43 ± 0.27) × 10−8 K m and
(7.95 ± 0.80) × 10−3 J m−2 with present numerical method and Gibbs–Thomson equation, respectively. The grain boundary energy of SCN rich
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hase of the SCN DCB eutectic system has been determined to be (14.77 ± 1.77) × 10−3 J m−2 from the observed grain boundary groove shapes.
hermal conductivity of eutectic solid phase and eutectic liquid phase at the eutectic melting temperature have also been measured to be 0.269 and
.231 W/K m, respectively.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The solid–liquid interfacial energy, σSL, is the reversible
ork required to create a unit area of the interface and plays a

entral role in determining the nucleation rate and growth mor-
hology of crystals. The measurement of σSL in pure materials
nd alloys is difficult. One of the most common techniques to
etermine the solid–liquid interface energy is to use the equi-
ibrated grain boundary groove shapes. In this technique, the
olid–liquid interface is equilibrated with a grain boundary in a
emperature gradient as shown in Fig. 1. The Gibbs–Thomson
oefficient and solid–liquid interfacial energy are obtained using
he equilibrium shape of the groove profile. This technique
as been used to directly measure the solid–liquid interfacial
nergy for transparent materials [1–14] and for opaque materi-
ls [15–22].

Recently, the phase diagram of SCN DCB eutectic based
ystem has been determined [23] and the thermo physical and
hemical properties of SCN are well established. Thus, the goal

of the present work is to determine the Gibbs–Thomson coeffi-
cient, solid–liquid interfacial energy and grain boundary energy
for solid SCN in equilibrium with the SCN DCB eutectic liquid.

2. Experimental details

2.1. Sample production

The equilibrated solid SCN in equilibrium with the SCN DCB
eutectic liquid have been directly observed by a temperature gra-
dient stage. The details of the apparatus and experimental pro-
cedures are given in Refs. [9–11]. The specimen cell was made
by sticking two glass cover slips (50 mm × 24 mm × 0.15 mm)
with silicone elastomer glue. The slides were placed with their
largest surface in the x–y plane and spaced a distance of about
80–100 �m apart in the z direction to minimize heat flow and
curvature in the z direction and observe the equilibrated grain
boundary groove shapes in x–y plane (2D). Organic materials
usually react with this type glue. Before filling the cell with
alloy, the cell was annealed at 523 K to prevent the reaction with
glue.
∗ Corresponding author. Tel.: +90 352 4374901x33114; fax: +90 352 4374933.
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In the present work, the alloy composition was chosen to be
SCN–1 mol% DCB to observe the solid SCN in equilibrium with
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Fig. 1. Schematic illustration of an equilibrated grain boundary groove formed at a solid–liquid interface in a temperature gradient showing the x, y coordinates and
θ angle.

the eutectic liquid (SCN–5.7 mol% DCB liquid). SCN–1 mol%
DCB alloy was prepared from the >99% purity SCN and 99%
purity DCB supplied by Sigma–Aldrich Chemical Company. No
attempt was made to purify the compounds. Known masses of
SCN and DCB were placed in a flask. The flask was then tightly
sealed and heated in a hot water bath. Thus, an alloy was formed
by the mixing of the components.

2.2. The temperature gradient measurement

After the specimen cell filled with organic alloy, the speci-
men was placed in temperature gradient stage. One side of the
specimen was heated and the other side of the specimen was
kept cool with a cooling system to get a constant temperature
gradient on the specimen. The temperature of the heating system
was controlled to an accuracy ±0.01 K with a Eurotherm 2604
type controller and the temperature of cooling system was kept
constant (283 K) to an accuracy ±0.01 K with a PolyScience
Digital 9102 Model Heating/Refrigerating circulating Baths.
The temperatures in the specimen were measured using three
insulated K-type thermocouples wires with 50 �m thick. One
end of the thermocouple wires was spark welded. Thermocou-
ples were placed at a distance about 1–2 mm from each other
and perpendicular to the heat flow direction in the specimen.

A thin liquid layer (2 or 3 mm thick) was melted to get
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distance between two thermocouples, �X was measured from
the photographs of the thermocouple’s positions using Adobe
PhotoShop 7.0 version software.

The temperature gradient, G = �T/�X for the equilibrated
grain boundary groove shapes was determined using the values
of �T and �X. The estimated error in the measurements of
temperature gradient, G is about 5% [11].

The coordinates of equilibrated grain boundary groove
shapes were measured with an optical microscope to an accuracy
of ±10 �m. The uncertainty in the measurements of equilibrated
grain boundary coordinates was 0.1%.

2.3. Thermal conductivity ratio of liquid phase to solid
phase

The thermal conductivity ratio of the eutectic liq-
uid phase (SCN–5.7 mol% DCB) to solid phase (SCN),
R = KL(eutectic liquid)/KS(solid SCN) must be known or measured
to evaluate the Gibbs–Thomson coefficients with the present
numerical method. The radial heat flow method is an ideal tech-
nique for measuring the conductivities in the solid. The thermal
conductivity of the eutectic solid phase, KS(eutectic solid) is needed
to evaluate the thermal conductivity of the eutectic liquid phase,
KL(eutectic liquid). In the radial heat flow method, a cylindrical
sample was heated by using a single heating wire along the axis
a
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niform eutectic liquid and the specimen was annealed in a
onstant temperature gradient. The annealing time was 2 days
or SCN–1 mol% DCB alloy. When the solid–liquid interface
eached equilibrium, the temperature differences between two
hermocouples, �T were measured using a Hewlett-Packard
4401A model digital multimeter. The multimeter has a 1 �V
esolution for direct voltage measurements. The positions of
he thermocouples and the equilibrated grain boundary groove
hapes were then photographed with a CCD digital camera
laced on the top of Olympus BH2 light optical microscope. The
t the centre of the sample and the sample was kept in a very
table temperature gradient for a period to achieve the steady-
tate condition. At the steady-state condition, the temperature
radients in the cylindrical specimen is given by Fourier’s law

dT

dr
= − Q

AKS
(1)

here Q is the total input power from the centre of the specimen,
is the surface area of the specimen which is normal to the heat

ow direction and KS is the thermal conductivity of solid phase.
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Fig. 2. Thermal conductivities of solid SCN–5.7 mol%DCB phase vs.
temperature.

Integration of the Eq. (1) gives

KS = 1

2π�
ln

(
r2

r1

)
Q

T1 − T2
(2)

KS = a0
Q

T1 − T2
(3)

where a0 = ln(r2/r1)/2π� is an experimental constant, r1 and
r2(r2 > r1) are fixed distances from the centre of the specimen,
� is the length of the heating wire which is constant and T1 and
T2 are the temperatures at the fixed positions, r1 and r2 from the
centre of specimen. Eq. (3) could be used to give the conductivity
of solid phase by measuring the difference in the temperatures
between the fixed two points for a given power level.

The thermal conductivity of eutectic solid phase,
KS(eutectic solid) was measured with a radial heat flow apparatus.
The details of the radial heat flow apparatus and technique are
given in Refs. [15,19,24]. The sample was heated using the
central heating wire in steps of 5 up to 2 K bellow the eutectic
melting temperature. The samples were kept at steady-state
for at least 2 h. At steady-state the total input power and the
temperatures were measured. When all desired power and
temperature measurements had been completed the sample
was left to cool down to room temperature. The process was
repeated at least three times to give average values. The thermal
conductivities of eutectic solid phase (SCN–5.7 mol% DCB)
v
c

Fig. 3. Temperatures vs. time for SCN–5.7 mol%DCB alloy.

ture were obtained to be 0.269 W/(K m) by extrapolating to the
eutectic temperature.

The thermal conductivity ratio of the eutectic liquid phase
(SCN–5.7 mol% DCB) to eutectic solid phase (SCN–5.7 mol%
DCB), R = KL(eutectic liquid)/KS(eutectic solid) were measured in
a directional growth apparatus. The time-temperature trace
enables the conductivity ratio of the liquid phase to solid
phase to be calculated [15–17]. The thermal conductiv-
ity ratio of eutectic liquid phase to eutectic solid phase
R = KL(eutectic liquid)/KS(eutectic solid) was found to be 0.86 from
the time–temperature trace which is given in Fig. 3. Thus, the
thermal conductivity of eutectic liquid phase, KL(eutectic liquid) is
obtained to be 0.2310 W/(K m). The measured values of ther-
mal conductivities for SCN DCB eutectic system are given in
Table 1. The value of KS(solid SCN) is 0.2244 W/(K m) [24]. The
value of R = KL(eutectic liquid)/KS(solid SCN) was found to be 1.03
and it is also given in Table 1.

3. Results and discussions

3.1. The Gibbs–Thomson coefficient

If the thermal conductivity ratio of the equilibrated liquid
phase to solid phase, R = KL/KS, the coordinates of the grain
boundary groove shapes and the temperature gradient in the solid
p
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ersus temperature is shown in Fig. 2. The value of thermal
onductivity of KS(eutectic solid) at the eutectic melting tempera-

able 1
he thermal conductivity of solid and liquid phases and their ratios at their eute

ystem Phases

CN Solid SCN
Liquid SCN

utectic SCN DCB Solid (SCN–5.7 mol DCB)
Liquid (SCN–5.7 mol DCB)

CN DCB Solid SCN
Liquid (SCN–5.7 mol DCB)
hase, G are known, then the Gibbs–Thomson coefficient can
e obtained using the numerical method described in detail in

mperatures for pure SCN and SCN DCB binary eutectic system

Temperature (K) K W/(K m) R = KL/KS

331.23 0.2244 [25] 0.99
0.2219 [25]

319.15 0.2690 0.86
0.2310

319.15 0.2244 [25] 1.03
0.2310
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Fig. 4. Typical grain boundary groove shapes for solid SCN in equilibrium with the SCN DCB eutectic liquid.

Ref. [15]. As mentioned above, the experimental error in the
determination of Gibbs–Thomson coefficient was about 5%.

The Gibbs–Thomson coefficients for solid SCN in equilib-
rium with the SCN DCB eutectic liquid were determined by
the numerical method using 10 observed grain boundary groove
shapes and the results are given in Table 2. Typical grain bound-

ary groove shapes for solid SCN in equilibrium with the SCN
DCB eutectic liquid examined in present work are shown in
Fig. 4.

The average value of Γ with experimental error from Table 2
is (5.43 ± 0.27) × 10−8 K m for solid SCN in equilibrium with
the SCN DCB eutectic liquid.
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Table 2
Gibbs–Thomson coefficients for solid SCN in equilibrium with SCN DCB eutec-
tic liquid

Groove no. GS × 102 (K/m) Gibbs–Thomson coefficient Γ (K m)

Γ LHS × 10−8 Γ RHS × 10−8

a 76.51 5.55 5.33
b 75.78 5.40 5.46
c 77.37 5.36 5.42
d 79.95 5.42 5.40
e 76.63 5.40 5.55
f 79.95 5.44 5.51
g 76.63 5.42 5.32
h 75.78 5.36 5.53
i 75.21 5.30 5.40
j 70.42 5.60 5.40

Γ̄ = (5.43 ± 0.27) × 10−8 K m for solid SCN in equilibrium with SCN DCB
eutectic liquid.

Table 3
The effective entropy change per unit volume, �S* for SCN DCB eutectic system

System SCN DCB

Solid phase (CS) SCN
Liquid phase (CL) (eutectic point) SCN–5.71 mol% DCB
TM 319.15 (K)
VS × 10−6 (SCN) 76.5 (m3/mol) [26]
�S* × 105 11.2 (J K−1 mol−1) [23]

3.2. The effective entropy change

To calculate the solid–liquid interface energy, it is also neces-
sary to know the effective entropy change per unit volume. The
effective entropy change per unite volume is given by:

�S∗ = �H

TM

1

VS
(4)

where �H is the enthalpy of primary phase in the binary eutec-
tic system, TM is the melting temperature and VS is the molar
volume of primary phase. The values of TM, VS and �S* are
given in Table 3.

3.3. The solid–liquid interface energy

The solid–liquid interface energy, σSL is obtained from the
thermodynamic definition of the Gibbs–Thomson coefficient
[15], which is expressed as:

Γ = σSL

�S∗ (5)

where �S* is the entropy change of fusion per unit volume.
If the values of the Gibbs–Thomson coefficient and the effec-

tive entropy change per unit volume are measured or known,
the solid–liquid interface energy can be obtained from Eq. (5).
The experimental error in the determined solid–liquid interface
energy is the sum of experimental errors of Gibbs–Thomson
coefficient and effective entropy change per unit volume. Exper-
imental error for the solid–liquid interface energy measure-
ments with the present method is about 10% [11]. The value
of the solid–liquid interfacial energy for solid SCN in equi-
librium with the SCN DCB eutectic liquid was found to be
(7.95 ± 0.80) × 10−3 J m−2.

3.4. The grain boundary energy

The grain boundary energy can be expressed by:

σ
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Table 4
A comparison with the previous measurements of the Gibbs–Thomson coefficient, sol
system obtained in the present work

System Solid phase Liquid phase Γ ×
Pure SCN SCN SCN 6.17

5.54
SCN SCN SCN 5.43
SCN–CTB SCN SCN–4 mol% CTB 5.56
PY–SCN SCN SCN–25.6 mol% PY 5.21
SCN–DC SCN–0.16 mol% DC SCN–13.9 mol% DC 5.39
SCN DCB SCN SCN–5.71 mol% DCB 5.43
gb = 2σSL cosθ (6)

here θ = θA + θB/2 is the angle that the solid–liquid interfaces
ake with the y axis [11,27]. The angles, θA and θB were

btained from the cusp coordinates, x, y using a Taylor expansion
or parts at the base of the groove. The grain boundary energy
as then calculated from Eq. (6) using the solid–liquid interface

nergy and the values of θ. The estimated error in determination
f angles was found to be 2% from standard deviation. Thus, the
otal experimental error in the resulting grain boundary energy
s about 12%. The value of σgb for solid SCN was found to be
14.77 ± 1.77) × 10−3 J m−2.

A comparison of the experimental results obtained in present
ork with previous measurements of the Gibbs–Thomson coef-
cient, solid–liquid interface energy and grain boundary energy
or pure SCN and SCN bases binary eutectic alloys is given in
able 4. As can be seen from Table 4, our results are in good
greement with the values found in literature.

id–liquid interface energy and grain boundary energy for the SCN DCB eutectic

10−8 (K m) σSL × 10−3 (J m−2) σgb × 10−3 (J m−2)

8.94 ± 0.5 [4] 15.95 [11]
[11] 8.02 [11]
± 0.27 [11] 7.86 ± 0.79 [11] 15.03 ± 1.95 [11]
± 0.28 [11] 8.80 ± 0.88 [11] 16.51 ± 2.15 [11]
± 0.26 [13] 9.58 ± 0.96 [13] 18.30 ± 2.38 [13]
± 0.27 [14] 7.88 ± 0.79 [14] 14.95 ± 1.79 [14]
± 0.27 [present] 7.95 ± 0.80 [present] 14.77 ± 1.77 [present]
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4. Conclusions

The equilibrated grain boundary groove shapes for solid SCN
in equilibrium with the SCN DCB eutectic liquid were directly
observed. From the observed grain boundary groove shapes, the
Gibbs–Thomson coefficient, solid–liquid interface energy and
the grain boundary energy for solid SCN in equilibrium with
the SCN DCB eutectic liquid have been determined. Thermal
conductivities of eutectic solid phase and eutectic liquid phase
at the eutectic melting temperature have also been measured.
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