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Abstract The grain boundary groove shapes for equili-
brated solid SCN in equilibrium with the SCN-0.5 mol% DIB
eutectic liquid have been directly observed by using a hori-
zontal linear temperature gradient apparatus. The ratio of
thermal conductivity of equilibrated liquid to thermal con-
ductivity of solid SCN has also been determined to be 0.90.
From the observed grain boundary groove shapes and mea-
sured thermal conductivity ratio, the Gibbs—Thomson coeffi-
cient (I) of solid SCN has been determined to be
(5.46 £ 0.55) x 1078 K m. The solid—liquid interfacial
energy (osp ) and the grain boundary energy of solid SCN have
also been determined to be (8.25 £ 1.24) x 107> J m 2 and
(15.84 & 2.53) x 107 J m~2, respectively.
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Introduction

The solid-liquid interfacial energy (o) plays a key role in
a wide range of metallurgical and materials phenomena
from wetting [1] and sintering to phase transformations and
coarsening [2]. For example, any meaningful comparison
between experimentally observed solidification morphol-
ogy and predictions from theoretical models requires an
accurate knowledge of solid-liquid interfacial energy.
Thus, a quantitative knowledge of o, values is necessary.
However, the determination of ag; is difficult. The earliest
direct determinations were derived from droplet underco-
oling measurements on the supposition that maximum
observed undercooling signified homogeneous nucleation.
An empirical relationship between the interfacial energy
and enthalpy of fusion to estimate the interfacial energy
was proposed by Turnbull [3], and it is expressed as

’L'AHM
OSL — —57x 1A (l)
v NP

where 71 is a coefficient, 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, Vg is the molar
volume of solid phase and N, is the Avogadro’s number.
However, the next experiments show that larger values of
undercooling, resulting in larger values of og, indicating
that such experiments typically underestimate og;. Other
disadvantages of deriving ogg; from undercooling experi-
ments were discussed by Jones [4] and Eustathopoulos [5].
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A technique for the quantification of solid-liquid inter-
facial energy from the grain boundary groove shape has
been established [3—16]. Observation of groove shape in a
thermal gradient can be used to determine the interfacial
energy from Gibbs—Thomson equation [16]. For the case of
a planar grain boundary intersecting a planar solid—liquid
interface, Gibbs—Thomson equation can be written as

OsL

I'=rAT, = A_Sf (2)
where I' is the Gibbs—Thomson coefficient and r is radius
of groove profile as shown in Fig. 1. Thus, the curvature
undercooling, AT, is a function of curvature radius, solid—
liquid interfacial energy and the entropy of fusion per unit
volume. This equation is useful for considering the effect
of solid-liquid interfacial energy on solidification and
melting as it expresses the effective change in melting
point for a curved interface.

Giindiiz and Hunt [17] developed an apparatus to
observe the equilibrated grain boundary groove shapes in
opaque metallic binary systems. The details of apparatus
and experimental procedures are given in Ref. [17]. Giin-
diiz and Hunt [17] also developed a finite difference model
to calculate the Gibbs—Thomson coefficient. Usually, the
points from b to i were used to obtain more reliable I’
values with Giindiiz and Hunt’s model as shown in Fig. 1.
If the grain boundary groove shape, the temperature gra-
dient in the solid (Gys) and the ratio of thermal conductivity
of the equilibrated liquid phase to thermal conductivity of
solid phase (R = K{/Ks) are known or measured, the value
of the Gibbs—Thomson coefficient (I') is then obtained with
the Giindiiz and Hunt numerical method. Measurements of
the solid-liquid interface energy were made in different
metallic binary systems [17-19].

Fig. 1 Schematic illustration of
an equilibrated grain boundary
groove formed at a solid-liquid
interface in a temperature
gradient showing the definitions
of r, 6 and y

Bayender et al. [20, 21] modified the apparatus origi-
nally designed by Hunt et al. [22] to directly observe the
equilibrated grain boundary groove shape for transparent
materials. They applied Giindiiz and Hunt’s numerical
method to determine the Gibbs—Thomson coefficient, the
solid-liquid interface energy and the grain boundary
energy. Measurements of the solid-liquid interface ener-
gies were also made in transparent organic binary systems
[20, 21, 23-30].

The binary phase diagram of succinonitrile (SCN)-1,4-
diiodobenzene (DIB) was determined by Kant [31] and is
shown in Fig. 2. The synthesis and solidification behaviour
of monotectic alloy are of potential importance both from
fundamental understanding of the development of self-
lubricating alloys and for industrial applications [32, 33].
Although, metallic systems, giving monotectic alloys, con-
stitute an interesting area of investigations [34-36], due to
high transformation temperature and wide density difference
of the components, they are not suitable for detail study.
However, low transformation temperature, transparency,
wider choice of materials and minimized convection effects
are the special features that have prompted a number of
research groups [37, 38] to work on organic eutectics,
monotectics and molecular complexes. As such, organic
systems are used as model systems for detailed investigation
of the parameters that control the mechanism of solidifica-
tion and decide the properties of materials. In addition, these
materials are being studied for various physicochemical
investigations for their use for nonlinear optical effects and
different electronic applications [39—41]. The monotectic
alloys have been less studied due to several difficulties
associated with the systems show miscibility gap while some
of the articles [33, 42, 43] explain various interesting phe-
nomena of monotectic alloys. The main problem arises due
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Fig. 2 Phase diagram of succinonitrile-1,4-diiodobenzene system
(31]

to a wide freezing range and large density difference between
two liquid phases. The role of wetting behaviour, interfacial
energy, thermal conductivity and buoyancy in a phase sep-
aration process has been the subject of great discussion.

DIB and SCN are used in wide range of industrial appli-
cations. For example, the plastic-crystal form of SCN is used
for obtaining high ionic conductivity for a large variety of salts
dissolved in the highly polar medium. The high diffusivity,
plasticity and solvating power of SCN allowed the preparation
of a large number of materials with high ionic conductivity.
Solid ionic conductors are actively sought for their potential
application in electrochemical devices, particularly lithium
batteries [44]. DIB is used in a wide range of medicals,
industrial applications as well as in human and animal nutri-
tion products such as antiseptics and disinfectants, pharma-
ceutical intermediates and polarizing films for liquid crystal
display (LCD) chemicals. Iodine derivatives are also used as
organic building blocks, analytical reagents [45]. DIB is a
material of high enthalpy of fusion and simulates the non-
metallic solidification, whereas SCN, a material of low
enthalpy of fusion, corresponds the metallic solidification.
Therefore, the present SCN-DIB system is very good organic
analogue of metal-nonmetal systems like Al-Si and Zn-Bi. In
the present paper, the details to determine the Gibbs—Thomson
coefficient, solid-liquid interfacial energy and grain boundary
energy in the SCN-DIB system are reported.

Materials and methods
Preparation of test materials

The experimental technique requires the preparation of
thin slides containing the high-purity test material and
the necessary thermocouple assemblies. Accordingly, the
preparation of specimens for purified transparent material
involved three primary operations: (1) the purification of
test materials by distillation, (2) the design and assembly
of the thin-slide specimen cell and (3) filling the speci-
men cell with the purified test materials under the
vacuum.

The purities of SCN and DIB were 99 and 98 %,
respectively, supplied by Alfa Aesar. SCN and DIB were
purified in quantities of approximately 100 cm® using a
columnar distillation system [26—30]. The distillation was
repeated four times, and the distilled material was finally
collected in a glass tube, flame-sealed under the vacuum
during the distillation.

The experimental technique requires the preparation of
rectangular thin slides containing the test material and the
necessary thermocouple assemblies. Accordingly, the
preparation of specimens for transparent material involves
two primary operations: the design and assembly of the
thin-slide specimen cell, and filling the specimen cell with
the test materials under vacuum.

The specimen cells were fabricated such that the test
material was contained between two parallel ground glass
plates (50 mm x 24 mm x 0.12 mm). Silicone elastomer
glue was used to attach and seal the assembly on three sides
with three K-type thermocouples (50 pm in diameter) fixed
within the cell, distributed along the length direction with a
spacing of 2-3 mm. The distance between the two glass
plates was 80-100 um. Before filling the cell with the test
materials, the glue was cured for at least 24 h at room
temperature to avoid any reaction between the test mate-
rials and the glue.

Test specimens were prepared by the remelting of the
SCN-0.4 mol% DIB material under vacuum and then
introduced into the prepared glass cells. During this pro-
cedure, the material was kept within a specialized filling
chamber designed to minimize contamination from ambi-
ent air [26-30]. Before the remelting, the chamber atmo-
sphere was evacuated. Within the filling chamber, the open
end of the test cell was immersed into the molten SCN-
0.4 mol% DIB, and argon gas at a pressure of approxi-
mately 15 bars was imposed to force-fill the thin slide.
After filling, the slide was permitted to cool until com-
pletely solid, and then, the specimen was removed from the
chamber. The melting temperature of SCN-0.4 mol% DIB
was measured as 328 K from cooling curvature, obtained
under vacuum.
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The temperature gradient measurement

Bayender et al. [20] utilized a temperature gradient stage to
observe the equilibrated grain boundary groove shape in
transparent organic materials. In the present work, a similar
apparatus was employed to observe the grain boundary
groove shapes of solid SCN in equilibrium with SCN-
0.5 mol% DIB liquid. The apparatus consists of hot and
cold stages. The temperature of the hot stage was con-
trolled within an accuracy of £0.01 K by a Eurotherm
2604 type controller. The cold-stage design was similar to
that of the hot stage. However, the cooling was achieved
using a PolyScience digital 9102 model heating/refriger-
ating circulating bath containing an aqueous ethylene
glycol solution. The temperature of the circulating baths
was kept constant at 278 K with an accuracy of +0.01 K.

A liquid layer (2 or 3 mm thick) was melted, and the
specimen was held in a constant temperature gradient to
observe the equilibrated grain boundary groove shape of
solid SCN in equilibrium with SCN-0.5 mol% DIB eutectic
liquid. The equilibrating time for solid SCN in equilibrium
with SCN-0.5 mol% DIB liquid was 3 days. The solid SCN
in equilibrium with SCN-0.5 mol% DIB liquid interface was
too stable against environmental air fluctuations or turbu-
lence during the equilibrating time. The temperatures in the
specimen were measured using three insulated K-type
thermocouples with wires (50 pum thick) connected to a data
logger via computer. When the solid-liquid interface
reached the equilibrium, the temperature difference between
two thermocouples (AT) was measured, and the positions of
the thermocouples and the equilibrated grain boundary
groove shapes were then photographed with an Olympus DP
12 type digital camera placed in conjunction with an
Olympus BHX type light optical microscope. The distance
between two thermocouples (AX) was measured by using
Adobe PhotoShop CS3 version software from the photo-
graphs of the thermocouple positions.

The temperature gradients (G = AT/AX) for each grain
boundary groove shapes were determined by using the values
of measured AT and AX. The estimated error in the mea-
surements of temperature gradient (G) is about 5 % [23].

The coordinates of equilibrated grain boundary groove
shapes were measured with an optical microscope to an
accuracy of =10 pm. The uncertainty in the measurements
of equilibrated grain boundary groove coordinates is 0.1 %.

The ratio of thermal conductivity of equilibrated liquid
phase to thermal conductivity of solid phase

The ratio of thermal conductivity of equilibrated liquid

phase to the thermal conductivity of solid phase (R = K;/
Ks) must be known or measured to evaluate the Gibbs—

@ Springer

Thomson coefficient with the present numerical method.
The value of R can be obtained during directional growth
with a Bridgman-type growth apparatus. During directional
growth, the heat flow away from the interface through the
solid phase must balance the heat flow from the liquid phase
plus the latent heat generated at the interface [46], i.e.

VL = KsGs — K.Gy, (3)

where V is the growth rate, L is the latent heat, G and Gy,
are the temperature gradients in the solid and liquid phases,
respectively. Ks and Ki are the thermal conductivities of
solid and liquid phases, respectively. For very low veloc-
ities, VL < <KsGs — K; G, so that the thermal conduc-
tivity ratio R is given by
_ KL Gs

Ks GL
A directional growth apparatus, which was first con-
structed by McCartney [47], was used to find out the ratio
of thermal conductivity of liquid phase to the thermal
conductivity of solid phase. A thin-walled graphite tube,
which has 6 mm OD (outer diameter), 4 mm ID (inner
diameter) and 180 mm total length, was used to minimize
convection into the liquid phase. Molten SCN-0.4 mol%
DIB was poured into the thin-walled glass tube and then
directionally solidified from bottom to top to ensure the
filling of the crucible. The specimen was then placed in the
directional growth apparatus.

The specimen was heated up to 30 K above the melting
temperature of SCN-0.4 mol% DIB. The specimen was
then left to reach its thermal equilibrium for at least 2 h.
The temperatures in the specimen were measured by
insulated K-type thermocouples. In the present work,
1.2 mm OD, 0.8 mm ID alumina tube was used to fix the
thermocouples at the centre of sample. At the end of
equilibration, the temperature in the specimen was stable to
£0.5 K for short-term period and £1 K for long-term
period. When the specimen temperature was stabilized,
directional growth was begun by turning the motor on. The
cooling rate was recorded with a data logger via computer.
In the present measurement, the growth rate was
8.0 x 107* cm s~'. When the solid—liquid interface pas-
sed the thermocouple, a change in the slope of the cooling
rates for liquid and solid phases was observed. When the
thermocouple was reading approximately 20 K below the
melting temperature, the growth was stopped by turning the
motor off.

R (4)

The ratio between the thermal conductivity of liquid
phase and the thermal conductivity of solid phase can be
obtained from the cooling rate of liquid and solid phases.
From the cooling rate of the liquid and solid phases, the
thermal conductivity ratio can be written as
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_Ku_Gs _ (@)s
Ks GL (d_T)
L

(5)

where the values of dT/dt> and <dT/dt) were directly
measured from the curve of tgmperature vérsus time shown
in Fig. 3. The ratio of thermal conductivity of liquid phase
(SCN-0.5 mol% DIB) to thermal conductivity of solid
SCN phase was found to be 0.90 from Fig. 3.

Results and discussion
Determination of Gibbs—Thomson coefficient

The Gibbs—Thomson coefficients for solid SCN in equi-
librium with the SCN-0.5 mol% DIB eutectic liquid were
determined with the present numerical method by using ten
observed grain boundary groove shapes, and the results are
given in Table 1. Typical grain boundary groove shapes for
solid SCN in equilibrium with the SCN-0.5 mol% DIB
eutectic liquid are shown in Fig. 4. The experimental error
in the determination of Gibbs-Thomson coefficient is
given by the sum of errors in measuring the temperature
gradient and thermal conductivity. Thus, the total experi-
mental error in the determination of Gibbs—Thomson
coefficient was about 10 %. As a consequence, the mean
value of I' for solid SCN in equilibrium with the SCN-
0.5 mol% DIB eutectic liquid is found to be
(5.46 + 0.55) x 107® K m from the Table 1.

The entropy of fusion per unit volume
To determine the solid—liquid interfacial free energy, it is

also necessary to know the entropy of fusion per unit
volume, and it is given by

AN R= (d T/dt) solid _
(d T7dt) liquid

0.90
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Fig. 3 Cooling curve of SCN-0.4 mol% DIB system

Table 1 Gibbs—Thomson coefficients for solid SCN in equilibrium
with SCN-0.5 mol% DIB eutectic liquid

Groove no. Gs x 10¥K m~' Gibbs—Thomson coefficient I'/K m
I'ips x 1078 T'rus x 1078
1 44.97 5.47 521
2 45.87 5.53 5.33
3 51.56 5.35 5.68
4 43.62 5.39 5.30
5 4145 5.48 5.58
6 45.15 5.55 5.60
7 47.32 5.56 5.24
8 44.43 5.58 5.31
9 43.98 5.36 5.88
10 40.18 5.46 5.39

[=(546 £+ 0.55) x 107K m

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

Fig. 4 Typical grain boundary groove shape for solid SCN in
equilibrium with the SCN-0.5 mol% DIB eutectic liquid

AHy 1

AS; = ———— 6
=S (©)
where AHy is the enthalpy change of solid phase at
melting temperature, Ty, is the melting temperature and Vg
is the molar volume of solid phase. The molar volume Vi is

expressed as

1
Vs = VelNy~ (7)

where V. is the volume of the unit cell, N, is the Avoga-
dro’s number and n is the number of molecules per unit
cell. Some physical properties of solid SCN in equilibrium
with SCN-0.5 mol% DIB eutectic liquid are given in
Table 2.
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Table 2 Some physical properties for solid SCN in equilibrium with
SCN-0.5 mol% DIB eutectic liquid

System SCN-DIB

Solid phase SCN

Liquid phase SCN-0.5 mol% DIB
Melting point/Ty, 328 K [31]

76.50 x 107° m>® mol™! [48]
3,800 J mol~! [31]
151 x 10°J K ' m™®

Molecular volume/Vy
Enthalpy change/AHy
Entropy of fusion/AS;

The entropy of fusion per unit volume (ASy) for solid
SCN was calculated to be 1.51 x 10° J K~' m™ by using
relevant parameters and is also given in Table 2. The error
in the determination of entropy of fusion per unit volume is
estimated to be about 5 % [17-19].

The solid-liquid interfacial energy

If the values of the Gibbs—Thomson coefficient and the
entropy of fusion per unit volume are measured or known,
the solid-liquid interfacial energy can be obtained from
Eq. (2). The experimental error in the determination of
solid-liquid interfacial energy is the sum of the experi-
mental errors of the Gibbs—Thomson coefficient and
entropy of fusion per unit volume. Thus, the total experi-
mental error in the determination of the solid-liquid
interfacial energy with the present method was about 15 %.
The mean value of the solid-liquid interfacial energy (o)
for solid SCN in equilibrium with the SCN-DIB liquid was
found to be (8.25 £ 1.24) x 107> Jm™>.

As mentioned above, the groove profile method actually
measures I'sp = osp/ASt so that a value is required for 4S¢
to evaluate ggy . Substituting Eq. (1) into Eq. (2) gives

13
I'=+1 Tm <VS> =71 nglﬁ (8)
Ny

where Q is the volume per atom.

Granasy et al. [12] have calculated the values of t for
different orientations of the fcc, hep, bee and sc structures.
They have found the minimum, maximum and average
values of 7 for the fcc., hep, bec and sc structures. Hoyt
et al. [15] have plotted the Turnbull relationship for many
fcc and bce metals via the capillarity fluctuation method
(CFM) and also found the values of t for the fcc and bec
structures. More recently, Jones [49] compared the values
of I and o measured by groove profile methods with the
values of /' and og; measured by other methods and
determined the values of t for metallic binary systems by
using the measured values of /". He found the values of t
range by 0.13 for Al3Ni to 1.0 for Al,. According the
values of 7 determined by Jones [49], the value of t
changes with the type of materials, and it might be in range
from 0.13 to 1.0 for the binary metallic materials. In the
present work, the values of 7 for some solid SCN phases in
equilibrium with different liquids were calculated from
Eq. (8) by using the measured values of /" and V,,, and it is
given in Table 3. The average value of t for solid SCN
phase was obtained to be 0.33 from Table 3. It is inter-
esting to observe that the calculated average value of 1 for
solid SCN is in good agreement with the value of t cal-
culated from the supercooling experiments performed by
Turnbull [3] on nonmetallic materials. It might conclude

Table 3 A comparison of the values of I',7, o5 and g, for solid SCN obtained in the present work with the values of I', 7, o, and g, obtained

in previous works for similar eutectic alloys

Solid Liquid phase Temperature/ Vg x 10=% Texpt  Crystal I'x 107%  og. x 107% Ogb X 1073/ References
phase mole pct. K m® mol™! structure K m Jm™ Jm™
mole pct.
SCN SCN 331.23 76.50 0.33  bee 543 +£ 027 7.86 £0.79 15.03 £ 1.95 Maragh et al. [23]
0.37 6.2 8.94 + 0.50 15.95 Schaefer et al.
0.36 6.1 8.90 - (501
Jones and
Chadwick [7]
SCN SCN-4 CTB 318.15 0.35 5.56 £ 0.28 8.80 £ 0.88 16.51 £ 2.15 Maragl et al. [23]
SCN SCN-1.8 DBB  325.65 0.33 547 £0.60 8.12 +1.22 15.19 £ 2.58 Boyiik and
Marash [24]
SCN SCN-25.6 PY 326.45 0.32 521 +026 9.58 £0.96 18.30 £ 2.38 Boyiik et al. [25]
SCN SCN-5.71 DCB 319.15 0.34 543 +£ 027 795+ 0.80 14.77 £ 1.77 Ocak et al. [26]
SCN-0.16 SCN-13.9 DC  311.50 0.34 539 +£027 788 +£0.79 1495+ 1.79 Keslioglu et al.
DC (27]
SCN SCN-9.55 NPG 317.10 0.34 543 £050 8.09 &+ 1.21 14.22 £ 228 Karadag et al. [51]
SCN SCN-0.5 DIB 328 0.33 546 +£ 055 825+ 1.24 1584 £2.53 [PW]
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that this agreement for nonmetallic materials is due to the
low melting point of organic materials.

The grain boundary energy

The grain boundary energy (g,,) can be expressed by
[17-19]

O'gbZZO'SLCOSH (9)
where 0 = 9/‘;9‘3 is the angle that the solid-liquid interface

make with the y axis. The values of 0, and 0p were
obtained from the cusp coordinates (x, y) using a Taylor
expansion for parts at the base of the groove. The mean
value of the grain boundary energy was then calculated by
Eq. (9) using the mean value of the solid—liquid interfacial
energy and the values of 0. The estimated error in the
determination of angles was found to be 1 % from the
standard deviation. Thus, the total experimental error in the
resulting grain boundary energy is about 16 %. The mean
value of grain boundary energy (og,) for solid SCN in
equilibrium with SCN-0.5 mol% DIB eutectic liquid was
found to be (15.84 £ 2.53) x 107> Jm >

Conclusions

Experiments were performed to directly observe the grain
boundary groove shapes for equilibrated solid SCN in
equilibrium with the SCN-DIB liquid. A thin liquid layer
was melted, and the specimen was annealed in a constant
linear temperature gradient for enough time to observe the
equilibrated grain boundary groove shapes. The ratio of
thermal conductivity of the equilibrated SCN-0.5 mol%
DIB eutectic liquid to thermal conductivity of solid SCN
was determined with a Bridgman-type growth apparatus.
The Gibbs—Thomson coefficient, the solid-liquid interfa-
cial energy and the grain boundary energy of solid SCN in
equilibrium with the SCN-0.5 mol% DIB liquid have been
determined from the observed grain boundary groove
shapes.
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