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phase diagram of an organic analogue of a metal-nonmetal system, involving
succinonitrile-pentachloronitrobenzene, shows the formation of a eutectic and a monotectic. The
two immiscible liquid phases are in equilibrium with a single liquid phase and the consolute temper-
ature being 53.5°C above the monotectic horizontal. The phase equilibrium study confirms the alloy
composition of monotectic and eutectic at 0.150 and 0.985 mol fractions of succinonitrile, respectively.
The solidification behaviour shows the validity of Hilling-Turnbull equation. The thermal properties
such as heat of mixing, entropy of fusion, roughness parameter, interfacial energy, grain boundary
energy and excess thermodynamic functions for parent components, monotectic and eutectic have
been studied using their enthalpy of fusion values. The effects of solid-liquid interfacial energy on
morphological change of monotectic have also been discussed. The microstructure of monotectic shows
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the lamellar growth along with droplets, however, eutectic infers the vertical growth of lamella.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis and solidification behaviour study of monotectic
alloys are of potential importance for fundamental understanding
as well as for industrial applications [1-2] such as development
of self-lubricating alloys. Although, metallic systems, giving mono-
tectic alloys, constitute an interesting area of investigations [3-5],
they are not suitable for detail study due to high transforma-
tion temperature, opacity, limited choice of material, difficulties in
their purification and wide density difference of the components
involved. In view of these difficulties, it was worth for searching
some transparent organic materials of low transformation temper-
ature, wider choice, minimised convection effects and possibility
of visual observations during the solidification process. These are
the special features that have prompted a number of research
groups [6-8] to work on organic eutectics, monotectics and molec-
ular complexes. The organic systems, which could be simulated as
metallic systems [9-11], are used as model systems for detailed
investigation of the parameters that control the mechanism of
solidification and subsequently decide the properties of materials.
The organic systems have also been investigated for their vari-
ous physicochemical properties as well as for non-linear optical,
electro-optic and different electronic applications [12-14].
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The monotectic alloys have been less studied due to several
difficulties associated with the systems while some of the arti-
cles explain various interesting phenomenon of monotectic alloys
[2,15,16]. The problem arises due 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 separation process has been the subject of great discus-
sion for monotectic systems. The pentachloronitrobenzene (PCNB)
is a material of high entropy of fusion and simulates the non-
metallic solidification where as succinonitrile (SCN) is a material
of low entropy of fusion and corresponds the metallic solidifica-
tion. Therefore, the present PCNB-SCN system may be considered
as a suitable analogue of metal-nonmetal system such as Al-Si
and Al-Be. In present communication, the details concerning phase
diagram, thermochemistry, linear velocity of crystallization at dif-
ferent undercoolings, interfacial energy, grain boundary energy and
microstructural investigations of PCNB-SCN system are reported.

2. Experimental
2.1. Materials and purification

The starting materials, succinonitrile and pentachloronitroben-
zene, of 99% purity were obtained from Sigma-Aldrich, Germany.
Succinonitrile was purified by repeated distillation under reduced
pressure while pentachloronitrobenzene was used as received. The
melting temperatures of both compounds were found to be in
agreement with the values reported in literature [17].
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2.2. Phase diagram

The phase diagram of PCNB-SCN system was determined by the
thaw-melt method in the form of temperature-composition curve.
In this method [18,19] the mixtures of two components in differ-
ent compositions were taken in sealed test tube and these mixtures
were homogenized by repeating the process of melting and mix-
ing followed by chilling in ice cooled water 4-5 times. The melting
points of different miscible compositions were determined using a
melting point apparatus (Toshniwal melting point) attached with
a precision thermometer associated with an accuracy of +0.5°C,
while the miscibility temperatures of compositions showing mis-
cibility gap were noted from the temperature controlled silicon oil
bath.

2.3. Enthalpy of fusion

The values of heat of fusion of the pure components, the eutectic
and the monotectic were determined [20] by differential scanning
calorimeter (Mettelar DSC-4000 system). Indium and zinc samples
were used to calibrate the system and the amount of test samples
and heating rate were about 5mg and 10°Cmin~!, respectively.
The values are reproducible within +1.0%.

2.4. Growth kinetics

The solidification behaviour of pure components, monotectic
and the eutectic were studied by determining the linear velocity of
crystallization at different undercoolings [21,22]. Molten samples
were separately taken in a U-shaped glass tube of about 150 mm
horizontal portion and 5 mm internal diameter and tube was placed
in a silicone oil bath. The temperature of oil bath was maintained
using microprocessor temperature controller of accuracy 40.5°C.
At different undercoolings, a seed crystal of the same composition
was added to start nucleation, and the rate of movement of the
solid-liquid interface was measured using a traveling microscope
and a stop watch.

2.5. Microstructure

Microstructures of the pure components, the eutectic and the
monotectic were recorded [18] by placing a drop of molten com-
pound on a hot glass slide. To avoid the inclusion of the impurities
from the atmosphere, the melt was covered by a cover slip. The melt
was allowed to cool to get a super cooled liquid. A seed crystal of the
same composition was used at one end to start the nucleation and
care was taken to have unidirectional freezing. The unidirectional
solidify microstructure thus developed was placed on the platform
of an optical (Leitz Labourlux D) microscope. Different regions were
viewed and the photographs of the interesting regions were taken
with suitable magnification with the help of camera attached with
the microscope.

3. Results and discussions
3.1. Phase diagram

The phase diagram of PCNB-SCN system, established in their
melting/miscibility temperature and composition, shows the for-
mation of a monotectic and a eutectic as depicted in Fig. 1, however,
the numerical data is tabulated in Table 1. Melting point of PCNB
(145.0°C) decreases by the addition of SCN. When the mole fraction
of SCN is 0.15, the immiscibility appears and at certain tempera-
ture these two immiscible liquids are completely miscible. With
an increase in composition of SCN the miscibility temperature
increases and it attains the maximum values where the mole
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Fig. 1. Phase diagram of pentachloronitrobenzene-succinonitrile system. (O) Melt-
ing/miscibility temperature.

fraction of SCN is 0.60. This maximum miscibility temperature is
known as critical or upper consolute temperature (T, 192.0°C)
which is 53.5°C above the monotectic horizontal (My,). The both

Table 1
Compositions of succinonitrile (SCN) and pentachloronitrobenzene (PCNB) and its
respective melting/miscibility temperature.

Mole fraction of SCN Mole fraction of PCNB Melting/miscibility
(£0.0002 M)’ (+£0.0002 M)’ temperature
0.000 1.000 145.0
0.010 0.990 144.0
0.015 0.985 143.5
0.025 0.975 143.0
0.040 0.960 141.5
0.050 0.950 141.0
0.075 0.925 140.5
0.100 0.900 139.5
0.125 0.875 139.0
0.150 0.850 138.5
0.175 0.825 139.5
0.200 0.800 150.0
0.250 0.750 162.0
0.300 0.700 172.0
0.350 0.650 179.0
0.400 0.600 183.0
0.450 0.550 187.0
0.500 0.500 189.0
0.550 0.450 191.0
0.600 0.400 192.0
0.650 0.350 190.0
0.700 0.300 186.0
0.750 0.250 182.0
0.800 0.200 178.0
0.850 0.150 170.0
0.875 0.125 164.0
0.900 0.010 158.0
0.925 0.075 152.0
0.935 0.065 146.0
0.950 0.050 134.0
0.960 0.040 128.0
0.975 0.025 120.0
0.980 0.020 98.0
0.985 0.015 51.0
0.990 0.010 52.0
0.995 0.005 53.5
1.000 0.000 57.0

" The possible variation in mol fraction.
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Fig. 2. Linear velocity of crystallisation at various degrees of undercooling for pen-
tachloronitrobenzene, succinonitrile and their eutectic and monotectic.

components, in any proportions, are miscible above the critical
temperature. The inference of thermal change on different com-
positions reveals that there are three reactions of interest, which
occur isothermally on solidification. The first reaction is concerns
with phase separation where a single liquid phase separates in two
liquid phases at the critical temperature, and can be written as

L — Ly(rich in PCNB) + Ly(rich in SCN)

The direct observation on kinetics of phase separation from lig-
uid Lto Ly +L; is interesting but the mechanism appears to be quite
complicated. The disturbance in the whole liquid is observed which
might be the consequence of collision between droplets, diffusion
and movement by buoyancy driven fluid flow. A small decrease
in temperature from the critical solution temperature (192.0°C) is
quite enough for the phase separation process to occur within few
seconds. For metallic systems the numbers of possibilities [20,21]
such as tendencies of compound formation, atomic radii differ-
ence, the valences differences of the components. At least one of
these possibilities might be responsible for the occurrence of the
miscibility gap in the liquid state.

The second reaction, known as monotectic reaction, concern
with cooling of monotectic composition from monotectic temper-
ature, the liquid dissociates to give a solid and a liquid according to
the following monotectic reactions:

L;(rich in PCNB) — Sq(rich in PCNB) + Ly(rich in SCN)

The third reaction is the eutectic reaction in which the liquid L, of
eutectic composition is cooled below the eutectic horizontal; the
liquid decomposes to give two solids as

Ly(richin SCN) — Sq(richin PCNB) + Sy (richin SCN)

The monotectic, the eutectic and the critical solution temperatures
are 138.5, 51.0 and 192.0°C, respectively.

3.2. Growth kinetics

In order to study the crystallization behaviour of the pure com-
ponents, the eutectic and monotectic the crystallization rate (v) are
determined at different particular undercoolings (AT) by measur-
ing the rate of movement of solid-liquid interface in a capillary.
The plots between log AT and logv are given in Fig. 2 and the lin-

Table 2
Values of n and u for pure components, monotectic and eutectic.

Material n u(mms-'deg1)
PCNB 74 8.4x1077
SCN 3.0 2.7 x 1072
Monotectic 2.9 9.7x 1073
Eutectic 3.2 9.7 x 102

ear dependence of these plots are in accordance with the Hillig and
Turnbull equation [23]:

v=u(AT)" (1)

where u and n are the constant and depending on the nature of the
materials. The values of u and n in each case were determined from
the intercepts and slope of the straight lines (Fig. 2) and given in
Table 2. The crystallisation of eutectic/monotectic begins with the
formation of the nucleus of one of the phases. This phase grows
until the surrounding liquid becomes rich in the other component
and a stage is reached when the second component start nucle-
ating. Whether further crystallization will proceed following the
alternate nucleation mechanism or side-by-side growth mecha-
nism is decided by the value of u, which is measure of the rate of
solidification of the eutectic and monotectic. When u value of eutec-
tic/monotecticis less than that of the components, the solidification
takes place by the alternate nucleation mechanism. On the other
hand when the value of u is more than that of both components
or lies in between that of the components, the solidification takes
place by side-by-side mechanism. The value of u (Table 2) infers
that growth velocity of monotectic lies between those of the par-
ent components; however for eutectic it is higher than the parent
components. These findings suggest that the two phases of mono-
tectic and eutectic solidify by the side-by-side growth mechanism
[24].

4. Thermochemistry
4.1. Enthalpy of fusion

The values of enthalpy of fusion of the pure components, the
eutectic and the monotectic, determined by the DSC method, are
reported in Table 3. For comparison, the value of enthalpy of fusion
of eutectic calculated by the mixture law [18]is also included in the
same table. The enthalpy of mixing which is the difference of exper-
imentally determined and the calculated values of the enthalpy
of fusion was found to be —1.7kJmol~1. As such, three types of
structures are suggested; quasi-eutectic for A,;xH> 0, clustering
of molecules for AjxH<0 and molecular solution for Ap,;xH=0.
The negative value of A,xH for the eutectic suggests the clus-
tering of molecules in the binary melt of the eutectic [25]. The
entropy of fusion (Ag,sS) values has been calculated by dividing the
enthalpy of fusion values by their corresponding absolute melting
temperatures (Table 3). In all the cases, the entropy of fusion being
positive suggests an increase in randomness of the system during

Table 3
Heat of fusion, heat of mixing, entropy of fusion and roughness parameter of pure
components and their monotectic and eutectic.

Materials Heat of fusion  Heat of mixing Entropy of Roughness
(kJmol-1) (kJ mol~1) fusion parameter (c)
(Jmol-1K-1)
PCNB 19.2 45.8 55
SCN 3.7 11.2 14
Monotectic 16.8 41.0 49
Eutectic (Exp.) 2.2 -1.7 6.7 0.8
(Cal.) 3.9
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Table 4
Interfacial energy of pentachloronitrobenzene, succinonitrile and their eutectic and
monotectic.

Parameter Interfacial Grain boundary
energy (Jm~2) energy (y) (Jm~2)

os1, (SCN) 9.34x 1073 18.68 x 103

os., (PCNB) 29.35x 1073 58.70 x 103

01,1, (PCNB-SCN) 5.58 x 103 11.15x 1073

o (PCNB-SCN) 9.64x 1073 19.28 x 103

melting. The lowest value of the entropy of fusion for the eutectic
indicates the least effectiveness of entropy factor in the melting of
the eutectic.

4.2. Size of critical nucleus and interfacial energy

When a melt is cooled below its melting temperature, the liquid
phase does not solidify spontaneously because, under equilibrium
condition, the melt contains number of clusters of molecules of
different sizes. As long as the clusters are well below the critical
size [24], they can not grow to form crystals and, therefore, no solid
would result. The critical size (r*) of nucleus is related to interfacial
energy (o) by the equation:

* 2O-Tfus

T = ApHAT 2)

where Tfys, AfysH and AT are melting temperature, heat of fusion,
and degree of undercooling, respectively. An estimate of the inter-
facial energy is given by the expression:
CAgsH
(Na)/*(Vm)

where N, is the Avogadro number, Vi, is the molar volume, and
parameter C lies between 0.30 and 0.35. The calculated values of
interfacial energy for different materials and critical size of nucleus
at different undercoolings are reported in Tables 4 and 5, respec-
tively.

4.3. Grain boundary energy

The grain boundary energy (y) could be estimated with help of
interfacial energy for the determination of grain boundary energy
between different interfaces, the expression used is

y = 205 cos (4)

where 6 is the angle between tangent on interface. The determi-
nation of the exact value of 8 is complicated in present system.
However, the range of grain boundary energy could be studied
because the value of cosf may be less than or equal to one, and
thus the value of grain boundary energy will be less than or equal

Table 5
Critical radius of succinonitrile, pentachloronitrobenzene and their eutectic and
monotectic.

Undercooling AT (°C) Critical radius x 108 (cm)

SCN PCNB Monotectic Eutectic

1.0 2.7 28.7
2.0 1.3 14.4
2.5 6.8

3.0 5.7 43 0.91 9.6
3.5 49

4.0 43 3.2 0.68 7.2
4.5 3.8

5.0 2.6 0.54 5.7
6.0 2.1

7.0 1.8

Table 6
Excess thermodynamic functions for the eutectic.

Material gF (kJmol-1)

0.0790

hE (k] mol-1)

0.5300

sE (kJmol-1 K1)

0.0014

Eutectic

to twice of interfacial energy. The maximum grain boundary energy
for different possible interfaces in present system have been esti-
mated and given in Table 4.

4.4. Excess thermodynamic functions

The deviation from the ideal behaviour can best be expressed
in terms of excess thermodynamic functions, namely, excess free
energy (gF), excess enthalpy (hE), and excess entropy (sE) which
give a more quantitative idea about the nature of molecular inter-
actions. The excess thermodynamic functions could be calculated
[24,26] by using the following equations and the values are given
in Table 6:

gt =RT [)q Iny! +x1n yﬂ (5)
dlny! dlny!
E_  p72 1 2
h* = —RT |:X1 3T + X2 3T (6)
dlny! 9lny)
sE=_R [x1lny{+leny£+x1T 8T1 +x,T 8T2 (7)

where In yl.’, x;and d1n yl.’/aT are activity coefficient in liquid state,
the mole fraction and variation of log of activity coefficient in liquid
state as function of temperature of a component i.

It is evident from Egs. (5)-(7) that activity coefficient and its
variation with temperature are required to calculate the excess
functions. Activity coefficient (yi’ ) could be evaluated [19,25] by
using the equation:

AgsH; (1 1

where x;, AgsH;, T; and Ty, are mole fraction, enthalpy of fusion,
melting temperature of component i and eutectic melting tem-
perature, respectively. The variation of activity coefficient with
temperature could be calculated by differentiating Eq. (8) with
respect to temperature:
d1n yil _ AfusHi axi

oT ~ RT? x;0T

9)

In this expression dx;/d T have been evaluated by taking two points
near the eutectic. The calculated values of different thermodynamic
functions have been given in Table 6. The positive values of excess
free energy indicate that there is an associative interaction between
like molecules [27].

4.5. Microstructure

In general microstructure gives information about shape and
size of the crystallites, and distribution of the phases which play a
very significant role in deciding about mechanical, electrical, mag-
netic and optical properties of materials. Thermal conductivity,
entropy of fusion solid liquid interface are the materials’ properties
and undercooling, growth velocity and temperature gradient along
interface are the physical parameters, however these are important
to control the mechanism of microstructure [28,29]. According to
Hunt and Jackson [30] the type of growth from melts depends upon
the interface roughness («) defined by

o= sAfusH

RT (10)
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(¢) Microstructure of eutectic

= s

(d) Microstructure of eutectic

Fig. 3. Optical microphotograph of directionally solidify: (a) and (b) monotectic,
and (c) and (d) eutectic.

where £ is a crystallographic factor which is generally equal to or
less than one. The values of « are reported in Table 3. If @ >2 the
interface is quite smooth and the crystal develops with a faceted
morphology. On the other hand, if « <2, the interface is rough and
many sites are continuously available and the crystal develops with
a non-faceted morphology.

4.5.1. The microstructure and growth of monotectic and eutectic

In monotectic solidification when liquid of monotectic compo-
sition (Fig. 1) is allowed to cool, below the monotectic temperature
(Tm), the stability of two liquid phases L; and L, and a solid phase, S,
at the solid-liquid interface are required [17]. The necessary condi-
tions for the stable three phases in contact have been explained by
Chadwick [29]. Whether droplets nucleate in the melt or on the
solid-liquid interface depends on the relative magnitude of the
three interfacial energies. The condition required for the balance
of interfacial energies is as fallows:

OsL, < OsL, + 01,1, (11)
and
OsL, = OsL, + 01,1, (12)

where o5y, 051, and oy,1, are the interfacial energies of solid (S)
and the liquid L4, solid (S) and the liquid L,, and liquids Ly and
liquid Ly, respectively. The surface energies were calculated [11],
and have been tabulated in Table 4. The interfacial energy of SCN
has compared with the reported value [19,31]. The wetting con-
ditions discussed by Cahn [32] could be successfully applicable to
the present system as the interfacial energies are related by the
relation:

OsL, < OsL; +0L4L,

The finding Indicate that the liquid (L;) wets the solidified PCNB
perfectly. The directionally solidified optical microphotographs of
monotectic have shown in Fig. 3(a) and (b). Fig. 3(a) shows lamel-
lar growth of one of the phases whereas droplets of another phase
have elongated and solidify with lamella. The closer view of struc-
ture infers trapping of droplets on lamella. On the other hand, the
microstructure of monotectic solidified with faster rate (Fig. 3(b))
shows broken and branched lamellar morphology, the elongation
of droplets could also be observed for another phase.

The microstructures of eutectic have given in Fig. 3(c) and (d). It
seems the growth of eutectic microstructure has taken place verti-
cally. The top view of both, Fig. 3(c¢) and (d), microstructures predict
lamellar growth morphology which would have grown vertically.
The observations of microstructures are interesting where different
(circular, trigonal, rectangular, pentagonal and hexagonal) shapes
could be noticed.

5. Conclusions

The phase diagram studies of pentachloronitrobenzene-
succinonitrile shows the formation of a monotectic and a eutectic
at particular compositions where mole fractions of succinoni-
trile are 0.150 and 0.985, respectively. The diagram shows large
miscibility gap region and the consolute temperature was found
to be 53.5°C above the monotectic horizontal. The solidification
behaviour of pure components, the eutectics and the monotec-
tic studied at different undercooling suggest that growth takes
place according to the Hillig-Turnbull equation. The thermal study
of the pure components, the binary monotectic and eutectic
were studied using DSC. Utilizing heat of fusion value, the var-
ious thermal properties such as entropy of fusion, enthalpy of
mixing, excess thermodynamic functions, interfacial energy and
grain boundary energy were studied and have been reported
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for pure and binary materials. The interfacial energies satisfy
the relation osy, < os, + 01,1, that infers the applicability of
Cahn wetting condition to the present system. The microstruc-
tural investigations show the lamellar and broken lamellar growth
morphology along with droplets for monotectic alloy, and the
growth morphology for the eutectic has indicated the growth of
lamellas of different shapes which have probably grown verti-
cally.
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