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Abstract

The two immiscible liquid phases in equilibrium with a single liquid phase have been observed during the phase diagram

study of an organic analog of a metal–nonmetal system, involving p-dibromobenzene–succinonitrile (DBB–SCN). The phase

equilibrium shows the formation of a eutectic and a monotectic, with large miscibility gap in the system, contain 0.982 and 0.057

mole fractions of SCN, respectively, and the consolute temperature is 110 8C above the monotectic horizontal. The heat of

mixing, entropy of fusion, roughness parameter, interfacial energy and excess thermodynamic functions were calculated based

on enthalpy of fusion data determined via differential scanning calorimeter (DSC) method. The solid–liquid interfacial energy

and its effect on morphological change of monotectic structure have been discussed as well as the interfacial energy balance

between the solid and two liquids in the monotectic reaction. Whereas the microstructures of monotectic and eutectic show

peculiar characteristic features. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The repeated and considerable attempts are being

made to study the microstructure and phase diagram of

miscibility gap (monotectic) system. The solidifica-

tion behaviours of monotectic are of potential impor-

tance both from fundamental point of view and

industrial application such as self-lubricating alloys

[1,2]. Although, metallic systems constitute an inter-

esting area of investigations [3–5], they are not sui-

table for detailed study due to high transformation

temperature and density difference of the components.

However, low transformation temperature, transpar-

ency, wider choice of materials and minimised con-

vection effects are the special features that have

prompted a number of research groups [6,7] to work

on organic eutectics, monotectics and molecular com-

plexes. To start with organic systems were studied as

model system but now-a-days, these are being used in

various applications [8–11].

Naturally, the monotectic alloys have less been

studied due to several difficulties associated with

the miscibility gap systems, while few of the articles

[2,12,13] explain various interesting phenomena of

monotectic alloys. The role of wetting behaviour,

interfacial energy, thermal conductivity and buoyancy

in a phase separation process has been the subject of
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great discussion. The p-dibromobenzene (DBB) is a

material of high entropy of fusion, simulates the non-

metallic solidification whereas succinonitrile (SCN)

is a material of low entropy of fusion, simulates the

metallic solidification. Therefore, the present DBB–

SCN system, we might say an organic analog of

metal–nonmetal systems like Al–Si and Zn–Bi. In

this paper, the details concerning phase diagram,

thermochemistry, interfacial energy and microstruc-

ture of DBB–SCN system are discussed.

2. Experimental

2.1. Materials and purification

SCN obtained from Aldrich, Germany was purified

by repeated distillation under reduced pressure while

as received p-DBB (Aldrich, Germany) was used. The

melting temperatures of DBB and SCN were found to

be 87.5 and 56.5 8C whereas it has been reported in

literature [14] to be 87.3 and 57.0 8C, respectively.

2.2. Phase diagram

The phase diagram of DBB–SCN system was estab-

lished in the form of temperature–composition curve.

In this method [15], mixtures of two components,

under study, covering the entire range of compositions

were prepared and these mixtures were homogenised

by repeating the process of melting followed by chil-

ling in ice cooled water 4–5 times. The melting points

of complete miscible compositions and the miscibility

temperatures of compositions showing immiscibility

were determined using a melting point apparatus

attached with a precision thermometer associated with

an accuracy of �0.5 8C.

2.3. Enthalpy of fusion

The heat of fusion of pure components, eutectic and

monotectic were determined [16] via differential scan-

ning calorimeter (TA Instruments DSC-2010). Indium

sample was used to calibrate the system, and amount

of test sample and heating rate were about 7 mg and

5 8C min�1, respectively, for each estimation. The

values of enthalpy of fusion are reproducible within

�1.0%.

2.4. Microstructure

Microstructures of pure components, eutectic and

monotectic were recorded [17] by placing a drop of

molten compound on a hot glass slide. To cover the

melt, a cover slip was glided over the melt and it was

allowed to cool to get a super cooled liquid. The melt

was nucleated with a seed crystal of the same com-

position and care was taken to have unidirectional

freezing. The slide with the solid was then placed on

the platform of optical (Olyempus) microscope. Dif-

ferent regions were viewed with suitable magnifica-

tions and photographed.

3. Results and discussions

3.1. Phase diagram

The phase diagram of DBB–SCN system shows the

formation of a monotectic and a eutectic as depicted in

Fig. 1, and the numerical values of melting/miscibility

temperature corresponding to different compositions

are given in Table 1. After a short range of composi-

tions, the two liquids are mutually immiscibile

Table 1

Numerical values of solid–liquid equilibrium and liquid–liquid

equilibrium temperature corresponding to different compositions

Mole fraction of SCN Melting/miscibility

of temperature (8C)

0.0000 87.5

0.0429 86.0

0.0567 85.0

0.0835 107.0

0.1344 142.5

0.2466 176.0

0.3420 190.0

0.4241 193.0

0.4954 195.0

0.5580 192.0

0.6626 185.0

0.7466 172.0

0.8154 149.0

0.8730 118.0

0.9217 84.0

0.9635 60.5

0.9824 52.5

0.9900 54.0

1.0000 56.5
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(L1 þ L2) and the upper consolute/critical temperature

(Tc) is 110 8C above the monotectic horizontal. Both

the components are miscible in all proportions above

the critical temperature. The thermal study of different

compositions reveals that there are three reactions of

interest, which occur isothermally on solidification.

The first reaction concerns the phase separation in two

liquids as the liquid of single phase is cooled below the

critical temperature (Tc), and can be written as:

L ! L1 þ L2

The direct observation of kinetics of phase separation

from liquid L to L1 þ L2 is interesting but the mechan-

ism appears to be complicated. It was seen just about

separation that there was a disturbance in the whole

liquid as a consequence of diffusion, collision between

droplets, convection and movement by buoyancy dri-

ven fluid flow. A small decrease in potential energy

temperature from the critical solution temperature is

quite enough for the phase separation process to occur

within a few seconds. Although, the exact reason for

the existence of miscibility gap is not clear, for the

metallic systems the numbers of possibilities have

been explained [18] such as compound formation

tendencies, atomic radii difference, the valences dif-

ferences of the component association, etc., any of

these might be responsible for the occurrence of

miscibility gap in the liquid state. The density differ-

ence of the components might be a reason for the

phase separation but the systems studied by author,

e.g. SCN–DP [19] where the density difference of the

components is 0.007. On the other hand, the density

difference in the system SCN–DCB [20] and the

system being discussed, SCN–DBB, are 0.256 and

1.276, respectively, while all these systems showing

the miscibility gap are organic analog of metal–non-

metal system. Therefore, the concepts of thermody-

namic properties of liquid alloys, such as low viscosity

and change in interfacial energy of two liquids corre-

sponding to critical temperature, might be applicable

for the phase separation process.

The second reaction, known as monotectic reaction,

is formally similar to the eutectic reaction except that

one of the product phases is a second liquid phase, L2,

as follows:

L1 ! S1 þ L2

The third reaction is the eutectic reaction in which the

liquid L2 decompose to give two solids as:

L2 ! S1 þ S2

The monotectic, eutectic and critical solution tem-

peratures in the present case are 85.0, 52.5 and

195.0 8C, respectively.

4. Thermochemistry

4.1. Enthalpy of fusion

Enthalpy of fusion values of the pure components,

the eutectic and the monotectic were determined by

the DSC method, and reported in Table 2. For com-

parison, the value of enthalpy of fusion of eutectic

calculated by the mixture law [21] is also included

in the same Table. As such, three types of structures

are suggested [22]; quasi-eutectic for DHmix > 0,

Fig. 1. Phase diagram of p-DBB–SCN system: (*) melting/

miscibility temperature.
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clustering of molecules for DHmix < 0 and molecular

solution for DHmix ¼ 0. The negative value of DHmix

for the eutectic (�0.4 kJ mol�1) suggests clustering of

molecules in the binary melt. The entropy of fusion

(DSfus) values, for different materials have been cal-

culated by dividing the enthalpy of fusion by their

corresponding absolute melting temperatures

(Table 2). The positive values suggest that the entropy

factor favours the melting process. The entropy of

fusion of eutectic is lower than that of either of the

components. This suggests that the entropy factor is

less effective in the melt of the eutectic and almost

similar to that of pure SCN.

4.2. Size of critical nucleus and interfacial energy

When liquid is cooled below its melting tempera-

ture, it 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 all below the critical size [23], they cannot

grow to form crystals and, therefore, no solid would

result. The critical size (r�) of nucleus is related to

interfacial energy (s) by the following equation:

r� ¼ 2sTfus

DHfusDT
(1)

where Tfus,DHfus and DTare melting temperature, heat

of fusion, and degree of undercooling, respectively.

An estimate of the interfacial energy is given by the

expression:

s ¼ CDHfus

ðNAÞ1=3ðVmÞ2=3
(2)

where NA is the Avogadro number, Vm the molar

volume, and parameter C lies between 0.30 and

0.35. The calculated values of interfacial energy for

different materials are reported in Table 3.

4.3. Excess thermodynamic functions

The deviation from the ideal behaviour can best be

expressed in terms of excess thermodynamic func-

tions, namely, excess free energy (gE), 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 [20,24,25] by using the following equa-

tions and the values are given in Table 4:

gE ¼ RT ½x1 ln gl
1 þ x2 ln gl

2
 (3)

hE ¼ �RT2 x1
@ln gl

1

@T
þ x2

@ln gl
2

@T

� �
(4)

sE ¼ �R x1 ln gl
1 þ x2 ln gl

2 þ x1T
@ln gl

1

@T
þ x2T

@ln gl
2

@T

� �

(5)

It is evident from Eqs. (3)–(5) that activity coefficient

and its variation with temperature are required to

Table 2

Heat of fusion, entropy of fusion and roughness parameter

Materials Heat of fusion (kJ mol�1) Entropy of fusion (J mol�1 K�1) Roughness parameter (a)

DBB 19.0 80.4 9.7

SCN 3.7 11.2 1.4

DBB–SCN monotectic (experimental) 17.0 47.4 5.7

DBB–SCN monotectic (calculated) 18.0

DBB–SCN eutectic (experimental) 3.6 11.1 1.3

DBB–SCN eutectic (calculated) 4.0

Table 3

Interfacial energy of p-DBB, SCN and their eutectic and

monotectic

Parameter Interfacial energy (mN m�1)

sSL2
(SCN) 9.6

sSL1
(DBB) 42.0

sL1L2
(DBB–SCN) 11.4

sE (DBB–SCN) 10.3

Table 4

Excess thermodynamic functions for the eutectic

Material gE (kJ mol�1) hE (kJ mol�1) sE (J mol�1 K�1)

DBB–SCN

eutectic

0.16 2.92 8.48
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calculate the excess functions. Activity coefficient (gl)

could be evaluated [24,26] by using the following

equation:

�lnðxl
ig

l
iÞ ¼

DHfus;i

R

1

Tfus

� 1

Ti

� �
(6)

where xl
i, DHfus,i, Ti and Tfus are mole fraction,

enthalpy of fusion, melting temperature of component

i and Tfus is the eutectic temperature, respectively. The

variation of activity coefficient with temperature could

be calculated by differentiating Eq. (6) with respect to

temperature as follows:

@ln gl
i

@T
¼ DHfus;i

RT2
� @xi

xi@T
(7)

@xi/@T in this expression can be evaluated by taking

two points near the eutectic point. The positive values

of excess free energy indicate that there is an asso-

ciative interaction between like molecules [25,27].

4.4. Microstructure

It is well known that in polyphase materials the

microstructure gives information about shape and size

of the crystallites, which play a very significant role in

deciding about mechanical, electrical, magnetic and

optical properties of materials. The growth morpho-

logy [28,29] of a eutectic system is controlled by

the growth characteristics of the constituent phases.

According to Hunt and Jackson [30], the type of

growth from melts depends upon the interface rough-

ness (a) defined by the following equation:

a ¼ x
DHfus

RT
(8)

where x is a crystallographic factor which is generally

equal to or less than one. The values of a are reported

in Table 2. If a > 2, the interface is quite smooth and

the crystal develops with a faceted morphology. On

the other hand, if a < 2, the interface is rough and

many sites are continuously available and the crystal

develops with a nonfaceted morphology.

4.4.1. The microstructure and growth of monotectic

In monotectic solidification when a liquid of

monotectic composition (Fig. 1) is allowed to cool

below the monotectic temperature (Tm), the stability

of two liquid phases, L1, L2, and a solid phase, S, at the

solid–liquid interface are required. The necessary

conditions for the stable three phases in contact have

been explained by Chadwick [28], and the schematic

diagram has been presented in Fig. 2. Whether dro-

plets nucleate in the melt or on the solid–liquid inter-

face, depends on the relative magnitude of the three

interfacial energies. The requirement for the balance

of interfacial energies gives the following conditions:

sSL2
� sSL1

þ sL1L2
(9)

and

sSL2
� sSL1

þ sL1L2
(10)

where sSL1
, sSL2

and sL1L2
are the interfacial energies

of solid (S) and the liquid L1, solid (S) and the liquid

L2, and liquid L1 and liquid L2, respectively. The

surface energies were calculated by using the equa-

tion reported earlier [31], and have been tabulated

in Table 3. The Cahn wetting condition [32] could

be successfully applied to the present system as the

interfacial energies are related by the following equa-

tion:

sSL2
< sSL1

þ sL1L2

indicating that the DBB–SCN liquid (L1) wets the

solidified DBB perfectly. The directionally solidified

optical microphotograph of monotectic Fig. 3(a)

shows solid lamella associated with few liquid dro-

plets that have solidified later. From the closer view of

the lamellas, the existence of discontinuity can be seen

at the interface of lamella. From the microstructure, it

is evident that the volume fraction of solid phase is

much higher than the liquid phase.

4.4.2. Microstructure of the eutectic

The eutectic has solidified with dendritic morphol-

ogy (Fig. 3(b)) and dendrites have grown in a particular

Fig. 2. Schematic representation of three phase contact between

the solid S, liquid L1 and liquid L2.
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direction. The primary arms as well as secondary arms

have grown parallel to each other. The primary arms

are not continuous in nature and in some places have

got fragmented in between. The tertiary arms are also

being observed in some places. While in Fig. 3(c), pri-

mary, secondary and tertiary arms are clearly obser-

ved. In this microstructure, the interaction between

different dendrite arms can be seen as in some places

growth of the primary arm has been stopped by the

secondary arm as well as in some other places sec-

ondary arm by the tertiary arm. The irregular appear-

ance of secondary and tertiary arms is due to the

inhomogeneity in heat distribution during the solidi-

fication process.
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