
Abstract The equilibrated grain boundary groove

shapes for Succinonitrile (SCN) solid solution in

equilibrium with the Succinonitrile (SCN)–D Camphor

(DC) eutectic liquid were directly observed. From the

observed grain boundary groove shapes, the Gibbs–

Thomson coefficient and solid–liquid interface energy

for SCN solid solution in equilibrium with the SCN–

DC eutectic liquid has been determined to be

(5.39 ± 0.27) · 10–8 K m and (7.88 ± 0.79) · 10–3 J m–2

with present numerical method and Gibbs–Thomson

equation, respectively. The grain boundary energy of

SCN rich phase of the SCN–DC eutectic system has

been determined to be (14.95 ± 1.79) · 10–3 J m–2

from the observed grain boundary groove shapes.

Thermal conductivity ratio of the liquid phase to the

solid phase for SCN–0.16 mole % DC alloy has also

been measured.

Introduction

The solid–liquid interface energy, rSL is defined as the

reversible work required creating a unit area of the

interface at constant temperature, volume and chemi-

cal potentials and plays a critical role in many phase

transformations. The measurement of rSL in pure

materials and alloys is difficult. Over the last half-

century, various attempts have been made to deter-

mine the value of crystal-melt interfacial free energy in

variety of materials. One of the most common tech-

niques to determine the solid–liquid interfacial energy

is use the equilibrated grain boundary groove shapes.

In this technique, the solid–liquid interface is equili-

brated with a grain boundary in a temperature gradient

as shown in Fig. 1. The Gibbs–Thomson coefficient

and solid–liquid interface energy are obtained using

the equilibrium shape of the groove profile. This

technique has been used to directly measure the solid–

liquid interface energy for transparent materials [1–9].

The technique was extended to measure solid–liquid

interface energies for opaque materials by Gündüz and

Hunt [10–11].

The Gibbs–Thomson coefficient, G is expressed in

the form of a change in undercooling, DTr with radius, r

as

DTr ¼
C
r
: ð1Þ

Equation (1) may be integrated in the y direction

(perpendicular to the macroscopic interface) from the

flat interface to a point on the cusp [10]

Zy

0

DTrdy ¼ C
Zy

0

1

r
dy: ð2Þ

The right hand side of Equation (2) may be evaluated

[11] for any shape by defining ds = r dh as shown in

Fig. 1 (s is the distance along the interface and h is the

angle of the interface to y) giving
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Zy

0

1

r
dy ¼ ð1� sin hÞ: ð3Þ

The left-hand side of Eq. (2) may be evaluated if DTr is

known as a function of y.

The left hand side of Eq. (2) was integrated numeri-

cally using the values of DTr calculated numerically and

the right hand side of the Eq. (2) was evaluated by

measuring the value of h (obtained by fitting a Taylor

expansion to the adjacent points on the cusp) by Gündüz

and Hunt [10]. This allows the Gibbs–Thomson coeffi-

cient to be determined for a measured grain boundary

groove shape. This numerical method calculates the

temperature along the interface of a measured grain

boundary groove shape rather than attempting to predict

the equilibrium grain boundary groove shape. To get

accurate values of the Gibbs–Thomson coefficient with

the Gündüz and Hunt’s numerical method, the coordi-

nates of grain boundary groove shape, the temperature

gradient in the solid phase, GS and the thermal con-

ductivity ratio of the liquid phase to solid liquid phase,

R = KL/KS must be known or measured.

The solid–liquid interface energy is obtained from

the thermodynamic definition of the Gibbs–Thomson

coefficient, which is expressed as

C ¼ rSL

DS�
ð4Þ

where DS* is the entropy change of fusion per unit

volume.

Measurements of the solid–liquid interface energies

have been made in the Al–Cu, Al–Si, Pb–Sn, Al–Mg,

Al–Ni, Al–Ti, Al–Zn and Bi–Cd binary eutectic or

peritectic metallic alloys [10–17].

Bayender et al. [18, 19] and Maraşlı et al. [20], have

directly observed the equilibrated grain boundary

groove shapes for transparent materials. They applied

Gündüz and Hunt’s numerical method to determine

Gibbs–Thomson coefficients, solid–liquid interface

energies and grain boundary energies in camphene,

pivalic acid, succinonitrile and succinonitrile–carbon

tetra bromide transparent organic materials.

Recently, the phase diagram of SCN–DC eutectic-

based system has been determined [21] and the thermo

physical and chemical properties of SCN are well

established. Thus, the goal of the present work is to

determine the Gibbs–Thomson coefficient, solid–liquid

interfacial energy and grain boundary energy for SCN

solid solution in equilibrium with the SCN–DC eutectic

liquid.

Experimental details

Sample production

The equilibrated solid SCN solutions in equilibrium

with the SCN–DC eutectic liquid have been directly

observed by a temperature gradient stage. The details

of the apparatus are given in [18]. The specimen cell

was made by sticking two glass cover slips (50 mm long,

24 mm wide and 0.15 mm thick) 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 lm

apart in the z direction to minimise heat flow and cur-

vature in the z direction and observe the equilibrated
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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 h
angle
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grain boundary groove shapes in x–y plane (2D). Or-

ganic 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.

Consider a binary eutectic system as shown in Fig. 2.

Above the eutectic temperature, a binary eutectic

system consists of solid and liquid provided the alloy

composition, Ca < C0 < CE or CE > C0 < Cb, where

CE, Ca, and Cb are the composition of the eutectic,

solid a and solid b phases, respectively. If this eutectic

system is held in a very stable temperature gradient,

the liquid droplets move up the temperature gradient

by temperature gradient zone melting (TGZM) and

single solid can grow on the eutectic structure during

the annealing period. When the composition of alloy is

far from the eutectic composition, the experiment

usually needs a long time to reach equilibrium. If the

alloy composition is near the eutectic composition,

above the eutectic temperature, a binary eutectic sys-

tem consists of liquid. If the system, which has a

composition near the eutectic composition is held in a

very stable temperature gradient there will be no liquid

droplets behind the solid phase and two solid phases

can grow together on the eutectic structure. Equili-

brating time for this system should be shorter because

of the small freezing range.

In the present work, the alloy composition was

chosen to be SCN–1 mole % DC to observe the SCN

solid solution (SCN–0.16 mole % DC) in equilibrium

with the eutectic liquid (SCN–13.9 mole % DC liquid).

SCN–1 mole % DC alloy was prepared from the >99 %

purity SCN and 99% purity DC supplied by Sigma-

Aldrich Chemical Company. No attempt was made to

purify the compounds. Known masses of SCN and DC

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.

The temperature gradient measurement

After the specimen cell filled with organic alloy, the

specimen 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 water-

cooling system to get a constant temperature gradient

on the specimen. The temperatures in the specimen

were measured using three insulated K-type thermo-

couples wires with 50 lm thick. One ends of the

thermocouple wires were spark welded. Thermocou-

ples were placed at a distance about 1.5–2 mm from

each other and perpendicular to the heat flow direc-

tion in the specimen. The thermocouples were cali-

brated by detecting the eutectic melting point of

SCN–1 mole % DC alloy. The melting point of

SCN–1 mole % DC alloy was measured to be 311.2 K

and the thermocouple’s reading was different by only

0.3 K than the eutectic temperature of SCN–1 mole%

DC alloy [22]. The specimen was melted until the one

of three thermocouples were in the liquid phase and

left to reach equilibrium. Then, planar growth was

begun with very low growth rate. When the planar

interface was grown, the temperature of the planar

interface was measured with two thermocouples. The

difference between two thermocouple’s readings

was ±0.2 K.

A thin liquid layer (2 or 3 mm thick) was melted to

get uniform eutectic liquid and the specimen was

annealed in a constant temperature gradient. The

annealing time was 5 days for SCN–1 mole % DC

alloy. When the solid–liquid interface reached equi-

librium, the temperature differences between two

thermocouples, DT were measured using a Hewlett

Packard 34401A model digital multimeter. The mul-

timeter has a 1 lV resolution for direct voltage mea-

surements. The positions of the thermocouples and the

equilibrated grain boundary groove shapes were then

photographed with a CCD digital camera placed on the

top of Olympus BH2 light optical microscope. The

distance between three thermocouples, DX was mea-

sured from the photographs of the thermocouple’s

positions using Adobe PhotoShop 7.0 version software.

The temperature gradient, G = DT/DX for the

equilibrated grain boundary groove shapes was deter-

mined using the values of DT and DX. The estimated

error in the measurements of temperature gradient, G

is about 5% [20].

The coordinates of equilibrated grain boundary

groove shapes were measured with an optical micro-

scope to an accuracy of ±10 lm. The uncertainty in the

measurements of equilibrated grain boundary coordi-

nates was 0.1%.
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Fig. 2 A binary eutectic equilibrium phase diagram
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The thermal conductivity ratio of the liquid phase to

solid phase, R = KL/KS must be known or measured to

obtain Gibbs–Thomson coefficient with present

numerical method. The thermal conductivity ratio of

the equilibrated liquid phase to solid phase for SCN–

0.16 mol % DC alloy was measured in a directional

growth apparatus. The time–temperature trace enables

the conductivity ratio of the liquid to solid to be cal-

culated [10]. The thermal conductivity ratio, R = KL/KS

for SCN–0.16 mol % DC alloy was found to be 0.45.

Results and discussion

The Gibbs–Thomson coefficient

If the thermal conductivity ratio of the liquid phase to

solid phase, R = KL/KS, the coordinates of the grain

boundary groove shapes and the temperature gradient

in the solid phase, G are known, then the Gibbs–

Thomson coefficient can be obtained using the numeri-

cal method described in detail in [10]. As mentioned

above, the experimental error in the determination of

Gibbs–Thomson coefficient was about 5%.

The Gibbs–Thomson coefficients for SCN solid

solution in equilibrium with the SCN–DC eutectic li-

quid were determined by the numerical method using

ten observed grain boundary groove shapes and the

results are given in Table 1. A typical grain boundary

groove shape of SCN solid solution in equilibrium with

the SCN–DC eutectic liquid examined in present work

is shown in Fig. 3.

The average value of G with experimental error from

Table 1 is (5.39 ± 0.27) · 10–8 K m for SCN solid

solution in equilibrium with the SCN–DC eutectic li-

quid.

The entropy change of fusion

To determine the solid–liquid interface energy, it is

also necessary to know the entropy change of fusion

per unit volume. The entropy change of fusion per

unite volume is given by

DS� ¼ DH

TM

1

VS
ð5Þ

where DH is the enthalpy of single solid phase in the

binary eutectic system, TM is the melting temperature

and VS is the molar volume of single solid phase. The

values of DH, TM, VS and DS* are given in Table 2. The

error in the determined entropy change of fusion per

unit volume is estimated to be about 5% [10].

The solid–liquid interface energy

If the values of the Gibbs–Thomson coefficient and the

entropy change of fusion per unit volume are measured

or known, the solid–liquid interface energy can be

obtained from Eq. (4). The experimental error in the

determined solid–liquid interface energy is the sum of

experimental errors of Gibbs–Thomson coefficient and

entropy change of fusion per unit volume. Thus, the

experimental error for the solid–liquid interface energy

measurement in present work is about 10% [20]. The

value of the solid–liquid interface energy for SCN solid

solution in equilibrium with the SCN–DC eutectic li-

quid was found to be (7.88 ± 0.79) · 10–3 J m–2.

The grain boundary energy

The grain boundary energy can be expressed by

Table 1 Gibbs–Thomson coefficients for SCN solid solution
equilibrium with the SCN–DC eutetic liquid

Groove No GS · 102 ( K/m) Gibbs–Thomson coefficient
G (K m)

GLHS · 10–8 GRHS · 10–8

a 16.82 5.23 5.43
b 17.21 5.46 5.28
c 15.45 5.46 5.49
d 14.99 5.55 5.32
e 14.07 5.37 5.12
f 15.91 5.37 5.30
g 15.91 5.52 5.47
h 15.16 5.37 5.42
i 14.39 5.33 5.41
j 17.68 5.35 5.54

The subscripts LHS and RHS refer to the left hand side and right
hand side of groove, respectively

C ¼ ð5:39� 0:27Þ � 10�8 K m for SCN solid solution in equilib-
rium with the SCN–DC eutectic liquid

Fig. 3 A typical grain boundary groove shape for SCN solid
solution in equilibrium with the SCN–DC eutectic liquid
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rgb ¼ 2 rSL cos h ð6Þ

where h ¼ hAþhB

2 is the angle that the solid–liquid

interfaces make with the y axis [20, 23]. The angles, hA

and hB were obtained from the cusp coordinates, x, y

using a Taylor expansion for parts at the base of the

groove. The grain boundary energy was then calculated

from Eq. (6) using the solid–liquid interface energy and

the values of h. The estimated error in determination

of angles was found to be 2% from standard deviation.

Thus, the total experimental error in the resulting grain

boundary energy is about 12%. The value of rgb for

SCN solid solution was found to be

(14.95 ± 1.79) · 10–3 J m–2.

A comparison of the experimental results obtained

in present work with previous measurements of the

Gibbs–Thomson coefficient, solid–liquid interface en-

ergy and grain boundary energy for pure SCN and

SCN bases binary eutectic alloys is given in Table 3.

Conclusions

The equilibrated grain boundary groove shapes for

SCN solid solution in equilibrium with the SCN–DC

eutectic liquid were directly observed. From the ob-

served grain boundary groove shapes, the Gibbs–

Thomson coefficient, solid–liquid interface energy and

the grain boundary energy for SCN solid solution in

equilibrium with the SCN–DC eutectic liquid have

been determined. The thermal conductivity ratio of the

liquid phase to the solid phase for SCN–0.16 mole %

DC alloy has also been measured.
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Table 2 The entropy change of fusion per unit volume, DS* for SCN–DC eutectic system

System Solid phase CS Liquid phase CL TM (K) VS · 10–6 (m3/mol) DH (J/mol) DS* · 105 (J K–1 m–3)

SCN–DC SCN–0.16
mole % DC

SCN–13.9
mole % DC

311.5 [21] 76.5 [22] 3484 [21] 1.462

Table 3 Comparison of the experimental results obtained in present work with previous measurements of the Gibbs–Thomson
coefficient, solid–liquid interface energy and grain boundary energy for pure SCN and SCN bases binary eutectic alloys

System Solid phase Liquid phase G · 10–8 (K m) rSL · 10–3 ( J m–2 ) rgb · 10–3 (J m–2)

Pure SCN SCN SCN 6.17 8.94 ± 0.5 [4] 15.95 [20]
5.54 [20] 8.02 [20]

SCN SCN SCN 5.43 ± 0.27 [20] 7.86 ± 0.79 [20] 15.03 ± 1.95 [20]
SCN–CTB SCN SCN–4

mole % CTB
5.56 ± 0.28 [20] 8.80 ± 0.88 [20] 16.51 ± 2.15 [20]

SCN–DC SCN–0.16
mole % DC

SCN–13.9
mole % DC

5.39 ± 0.27
[present]

7.88 ± 0.79
[present]

14.95 ± 1.79
[present]
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