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a b s t r a c t

The phase equilibrium of an organic analogue of a nonmetal–nonmetal system, involving resorcinol
(R)–1,4-diiodobenzene (DIB), was established which shows solid is in equilibrium with liquid as well as
two immiscible liquid phases are also in equilibrium with a liquid of single phase. The phase diagram
study infers the formation of a monotectic and a eutectic at 0.05 and 0.97 mole fractions of resorcinol,
respectively. Using X-ray diffraction technique, the range of solid solubility of R in DIB and DIB in R was
studied. The thermal properties of materials such as heat of mixing, entropy of fusion, roughness param-
eter, interfacial energy and excess thermodynamic functions were computed from the enthalpy of fusion
values, determined using differential scanning calorimeter (DSC) method. The solid–liquid interfacial
Thermal properties

Monotectic alloys
Solid–liquid interfacial energy
M

energy shows the applicability of non-wetting condition. The effect of solid–liquid interfacial energy on
morphological change of monotectic growth has also been discussed. The microstructures of monotectic,

nents

1

p
d
[
t
d
c
t
t
o
t
a
w
e
c
f
[

d
l

F
f

0
d

icrostructure eutectic and pure compo

. Introduction

The mechanism of solidification behaviours of polyphase alloys,
articularly monotectic alloys, are of potential importance for fun-
amental and industrial applications such as self-lubricating alloys
1,2]. In spite of an interesting area of investigations, metallic sys-
ems [3–5] are not suitable for detail study due to wide density
ifference, opacity and high transformation temperature of the
omponents involved. However, low transformation temperature,
ransparency, wider choice of materials and minimised convec-
ion effects are the special features that have prompted a number
f research groups [6–8] to work on organic eutectics, monotec-
ics and molecular complexes. As such organic systems are used
s model systems for detailed investigation of several parameters
hich control the mechanism of solidification and decide the prop-

rties of materials. From last two decades organic materials are
onsidered for various physicochemical investigations to be used
or non-linear optical and different other electronic applications

9–11].

The monotectic alloys have been less studied due to several
ifficulties associated with systems forming monotectic. Nonethe-

ess, some of the articles [1,12,13] explain various interesting
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were taken and have shown their peculiar characteristic features.
© 2009 Elsevier B.V. All rights reserved.

phenomena of monotectic alloys. The wide freezing range and
large density difference between two liquid phases are the main
problem. Thus, the role of wetting behaviour, interfacial energy,
thermal conductivity and buoyancy during the phase separation
process has been a subject of great discussion. Resorcinol and 1,4-
diiodobenzene both are the materials of high enthalpy of fusion
(22.20 and 24.13 kJ mol−1, respectively) and simulates the non-
metallic solidification, therefore the present system is very good
organic analog of nonmetal–nonmetal systems. In the present
paper, the details concerning phase diagram, the range of solid
solution formation, thermochemistry, linear velocity of crystalliza-
tion at different undercoolings, heat of fusion, Jackson’s roughness
parameter, interfacial energy and microstructures are reported.

2. Experimental

2.1. Materials and purification

Resorcinol (Thomas Baker, India) was purified by crystallization
from hot water while 1,4-diiodobenzene (Aldrich, Germany) was
purified by crystallization from ethanol. The melting temperatures
of R and DIB were found to be 110.5 and 130.0 ◦C, respectively which
are consistent to their reported values [14,15].
2.2. Phase diagram

The phase diagram of R–DIB system was studied by determining
the melting point temperature of mixtures of different composi-

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:rn_rai@yahoo.co.in
dx.doi.org/10.1016/j.tca.2009.10.010
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ions of R–DIB and curve was plotted in composition and their
espective melting temperature. In this method [16,17], mixtures
f two components covering the entire range of compositions
ere prepared and these mixtures were homogenized by repeat-

ng the process of melting followed by chilling in ice cooled water
–5 times. The melting/complete miscible temperature of differ-
nt compositions were determined using a melting point apparatus
ttached with a precision thermometer associated with an accuracy
f ±0.5 ◦C.

.3. X-ray diffraction

To study the miscibility range of composition of DIB and R, that
roduces the solid solution, the X-ray diffraction (XRD) data were
ollected using Rigaku, D/max-2500/PC, Japan, X-ray diffraction
nit. The samples of interest were scanned from 10◦ to 70◦ with
scanning rate of 4◦/min [18].

.4. Enthalpy of fusion

The heat of fusion of the pure components, the eutectic and
he monotectic were determined [19] by differential scanning
alorimeter (Mettelar DSC-4000 system). Indium sample was used
o calibrate the DSC unit. The amount of test sample and heating
ate were about 7 mg and 55 ◦C min−1, respectively. The values of
nthalpy of fusion are reproducible with in ±1.0%

.5. Growth kinetics

The growth influence of temperature on growth kinetics of R,
IB and their eutectic and monotectic were studied [17,19] by
easuring the rate of movement of the solid–liquid interface at

ifferent undercoolings in a capillary tube (U-shape) of 150 mm
orizontal portion and 5 mm internal diameter. Molten samples of
ure components, eutectic and monotectic were separately taken

n a capillary and placed in a silicone oil bath. The temperature of
il bath was maintained using microprocessor temperature con-
roller of accuracy ±0.15 ◦C. At a particular temperature, below the

elting point of the sample, a seed crystal of the same composi-
ion was added to start nucleation and the rate of movement of the
olid–liquid interface was measured using a traveling microscope
nd a stop watch.

.6. Microstructure

Microstructures of the pure components, the eutectic and the
onotectic were recorded [16] by placing a drop of molten com-

ound on a hot glass slide. To avoid the inclusion of the impurities
rom the atmosphere, a cover slip was glided over the melt and
t was allowed to cool to get a supercooled liquid. The melt was
ucleated with a seed crystal of the same composition at one end
nd also the care was taken to have unidirectional freezing. The
nidirectional solidify microstructure was then placed on the plat-
orm of an optical microscope (Leitz Labourlux D). The different
egions of microstructure were viewed and photographs of inter-
sting region were taken choosing suitable magnification of camera
ttached with the microscope.

. Results and discussion
.1. Phase diagram

The phase diagram of the R–DIB system shows the formation of
monotectic and a eutectic where the mole fraction of R is 0.05

nd 0.97, respectively (Fig. 1). The eutectic and the monotectic
Fig. 1. Phase diagram of resorcinol–1,4-diiodobenzene system. Melting/miscibility
temperature.

melting temperatures correspond to 108.0 and 127.5 ◦C, respec-
tively. The upper consolute/critical temperature (Tc) is 161.0 ◦C
which is 33.5 ◦C above the monotectic horizontal (Mh). Above the
critical temperature (Tc), the two components are miscible in all
proportions. However, below Tc temperature and between a cer-
tain compositions range the two immiscible liquids (L1 and L2) are
produced. When a liquid of monotectic composition (M) is cooled
through the monotectic horizontal (TM), the monotectic reaction
occurs where a liquid L1, which is rich in DIB, decomposes into a
solid phase rich in DIB and another liquid phase L2 (rich in R). At the
monotectic temperature the reaction which occurs isothermally is

L1 � S1 + L2. (1)

When the liquid of eutectic composition is allowed to cool below
the eutectic horizontal (TE), eutectic reaction takes place in which
eutectic liquid decomposes into two solids. The eutectic reaction,
occurring isothermally, can be shown as

L2 � S1 + S2 (2)

The monotectic reaction is similar to the eutectic reaction expect
that one of the product phases of the monotectic reaction is a second
liquid phase. The melting points of DIB and R are 130.0 and 110.5 ◦C,
respectively.

3.2. Study of solid solution formation

The X-ray diffraction patterns of pure R, DIB and their mono-
tectic, eutectic and a particular composition (0.15 mole fraction of
R), which is beyond the monotectic, were recorded. The variable
parameters of XRD unit were kept constant for each sample. The
XRD patterns of different samples are shown in Fig. 2. It is evi-
dent from the figure that the XRD pattern of DIB and monotectic
composition (Fig. 2(d) and (e), respectively) is identical barring a

nominal change in intensity of few of the peaks. On the other side,
the compositions up to eutectic point show the similar XRD pattern
to that of R (Fig. 2(a) and (b)). While in the powder XRD pattern of
a composition (0.15 mole fraction of R) beyond monotectic, the
peaks indexed were identified for both DIB and R (Fig. 2(c)), which
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fusion (�fusS) values, for different materials has been calculated
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.

Table 1
Values of n and u for pure components, monotectic and eutectic.
ig. 2. Powder XRD of resorcinol, 1,4-diodobenzene and their monotectic, eutectic
nd beyond monotectic.

nfers that this composition is of mechanical mixture nature sim-
lar to binary composite. From these findings of identical XRD of

onotectic to that of DIB, and eutectic to that of R conclude that
he monotectic and DIB are isostructure as well as eutectic and R is
sostructure. Therefore, the compositions starting from zero to 0.05

ole fraction of R in DIB and from zero to 0.03 mole fraction of DIB
n R form the solid solution [18,20]. Both solids, DIB and R, are sol-
ble in each other in a short proportion. The maximum solubility
f R in DIB is up to the monotectic composition only, however the
olubility of DIB in R is only possible up to the eutectic composi-
ion (Fig. 1). The particular compositions where the mole fraction
f R is 0.05 and DIB is 0.03 are the monotectic and eutectic points,
espectively.

.3. Growth kinetics

In order to study the crystallization behaviour of the pure com-
onents, the eutectics and the monotectics the crystallization rate
v) are determined at different undercoolings (�T) by measuring
he rate of movement of solid-liquid interface in a capillary. The
lots between log �T and log v are given in Fig. 3. The linear depen-
ence of these plots is in accordance with the Hillig and Turnbull
21] equation:

= u(�T)n. (3)

here u and n are constants and depend on the solidification
ehaviour of the materials involved. The values of u and n are
iven in Table 1. These findings may be explained by the mech-
nism given by Winegard et al. [22] where the crystallisation of

utectic/monotectic begins with the formation of the nucleus of
ne of the phases. This phase grows until the surrounding liquid
ecomes rich in the other component and a stage is reached when
he second component start nucleating. Now there are two possi-
ilities, either the two initial crystals grow side-by-side or there
Fig. 3. Linear velocity of crystallisation at various degrees of undercooling for resor-
cinol, 1,4-diiodobenzene and their eutectic and monotectic.

may be alternate nucleation of the two phases. The values of n for
the monotectic being close to 2 suggest that there is square rela-
tionship between growth velocity and undercoolings. The deviation
of n values from 2 observed in some cases is due to difference in
temperature of bath and temperature of growing interface. From
the values of u (Table 1) it can be concluded that growth velocity of
eutectic lies between those of the parent components, however for
monotectic it is higher than the parent components. These findings
suggest that the two phases of monotectic and eutectic solidify by
the side-by-side growth mechanism.

3.4. Thermochemistry

The knowledge of enthalpy of fusion values of the pure
components, the eutectic and the monotectic are important in
understanding the mechanism of solidification, structure of eutec-
tic melt and the nature of interaction between two components
forming the eutectic and the monotectic. The values of enthalpy of
fusion of the pure components, the eutectic and the monotectic,
determined by the DSC method, are reported in Table 2. For com-
parison, the value of enthalpy of fusion of eutectic calculated by the
mixture law [16] is also included in the same table. The enthalpy of
mixing which is the difference of experimental and the calculated
values of the enthalpy of fusion are found to be 0.73 kJ mol−1. As
such, three types of structures are suggested [23]; quasi-eutectic
for �mixH > 0, clustering of molecules for �mixH < 0 and molec-
ular solution for �mixH = 0. In present system the positive value
of �mixH for the eutectic suggests the formation of quasi-eutectic
structure in the binary melt of the eutectic [24]. The entropy of
Material n u (mm s−1 deg−1)

R 2.7 2.93 × 10−3

DIB 5.4 3.25 × 10−5

Monotectic 1.9 8.2 × 10−2

Eutectic 2.8 1.72 × 10−3



K.P. Sharma et al. / Thermochimica Acta 498 (2010) 112–116 115

Table 2
Heat of fusion, entropy of fusion and roughness parameter.

Materials Heat of fusion (kJ mol−1) Heat of mixing (kJ mol−1) Entropy of fusion (J mol−1 K−1) Roughness parameter (˛) (kJ mol−1 K−1)

R 22.20 57.89 6.96
DIB 24.13 59.88 7.20
Monotectic

Exp. 23.79 59.40 7.14
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where Tfus, �fusH and �T are melting temperature of eutectic, heat
of fusion and degree of undercooling, respectively. The computed
values of the size of critical nucleus at different undercoolings using
Eqs. (9) and (12) are given in Table 5. The size of critical nucleus

Table 4
Interfacial energy of resorcinol, 1,4-diiodobenzene, eutectic and monotectic.

Parameter Interfacial energy (ergs cm−1)

�SL2 (R) 47.17
�SL1 (DIB) 38.27
�L1L2 (DIB–R) 0.47
�E (DIB–R) 46.89

Table 5
Critical radius of resorcinol, 1,4-diiodobenzene, eutectic and monotectic.

Undercooling Critical radius ×10−8 (cm)
Eutectic
Exp. 22.99 0.73
Cal. 22.26

The deviation from the ideal behaviour can best be expressed
n terms of excess thermodynamic functions, namely, excess free
nergy (gE), excess enthalpy (hE), and excess entropy (sE) which
ive a more quantitative idea about the nature of molecular inter-
ctions. The excess thermodynamic functions could be calculated
16,25] by using the following equations and the values are given
n Table 3:

E = RT[x1 ln �1
1 + x2 ln �1

2 ] (4)

E = −RT2

[
x1

∂ ln �1
1

∂T
+ x2

∂ ln �1
2

∂T

]
(5)

E = −R

[
x1 ln �1

1 + x2 ln �1
2 + x1T

∂ ln �1
1

∂T
+ x2T

∂ ln �1
2

∂T

]
(6)

here ln �1
i

, xi and ∂ ln �1
i

/∂T are activity coefficient in liquid state,
he mole fraction and variation of log of activity coefficient in liquid
tate as function of temperature of the component i.

It is evident from Eqs. (4)–(6) that activity coefficient and its
ariation with temperature are required to calculate the excess
unctions. Activity coefficient (�1

i
) could be evaluated [16,26] by

sing the equation

ln (xi�
1
i ) = �fusHi

R

(
1

Tfus
− 1

Ti

)
(7)

here xi, �fusHi, Ti and Tfus are mole fraction, enthalpy of fusion,
elting temperature of component i and melting temperature of

utectic, respectively. The variation of activity coefficient with tem-
erature could be calculated by differentiating equation (7) with
espect to temperature

∂ ln �1
i

∂T
= �fusHi

RT2
− ∂xi

xi∂T
(8)

xi/∂T in this expression can be evaluated by considering two
oints around the eutectic. The positive values of excess free
nergy indicate that the interaction between the like molecules are
tronger than the interaction between the unlike molecule [25].

The solid–liquid interfacial tension affects the enthalpy of fusion
alue and plays an important role in determining the kinetics of
hase transformation. When liquid is cooled below its melting tem-
erature, the melt does not solidify spontaneously because under
quilibrium condition, it contains number of clusters of molecules

f different sizes. As long as the clusters are well below the critical
ize [27], they cannot grow to form crystals and, therefore, no solid
ould result. Also during growth, the radius of critical nucleus gets

nfluenced by undercooling as well as the interfacial energy. The

able 3
xcess thermodynamic functions for the eutectic.

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

DIB–R eutectic 0.2470 17.9349 46.43
60.03 7.25

interfacial energy (�) is given by

� = C�fusH

(NA)1/3(Vm)2/3
(9)

where NA is the Avogadro number, Vm is the molar volume, and
parameter C lies between 0.30 and 0.35.

The calculated values of interfacial energy using equation are
given in Table 3. The literature [28,29] during the past two decades
is replete with various attempts to understand and to explain the
process of solidification of monotectic alloys. The role of wetting
behaviour in a phase separation process is of immense important.
In view of this, the applicability of Cahn’s wetting condition has
been tested in the present case. The values of interfacial energy
(Table 4) in present case show applicability of non-wetting condi-
tion by satisfying the relation

�SL2 > �SL1 + �L1L2 (10)

where � is the interfacial energy between the faces denoted by the
subscripts. The interfacial energy between two liquids, �L1L2 , has
been calculated using the equation

�L1L2 = �SL1 + �SL2 −
√

�SL1 �SL2 (11)

To study the critical nucleus (r*) and the influence of undercool-
ing on it, the following equation was used

r∗ = 2�Tfus

�fusH · �T
(12)
�T (◦C) R DIB Monotectic Eutectic

3.0 0.052
4.0 0.039
5.0 0.031
6.0 2.130 0.026
7.0 1.831 0.022
9.0 1.424 1.727

10.0 1.629 1.281 1.554
11.0 1.481 1.413
12.0 1.358 1.295
13.0 1.253 1.195
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ig. 4. Directionally solidify optical microphotograph of resorcinol–1,4-
iiodobenzene monotectic (a) and (b) eutectic.

ecreased with increase in undercooling. Thus high undercooling
avours the formation of critical nucleus of smaller size. This may be
scribed to the increase amplitude of molecular vibration at higher
emperature.

.5. Microstructure

In polyphase materials the microstructure gives information
bout shape and size of the crystallites, which play a significant role
n deciding the mechanical, electrical, magnetic and optical prop-
rties of materials. According to Hunt and Jackson [30] the type
f growth from melts depends upon the interface roughness (˛)
efined by

= ��fus · H

RT
(13)

here � is a crystallographic factor which is generally equal to or
ess than one. The values of ˛ are reported in Table 2. If ˛ > 2 the
nterface is quite smooth and the crystal develops with a faceted

orphology. On the other hand, if ˛ < 2, the interface is rough and
any sites are continuously available and the crystal develops with
non-faceted morphology. In the present system, the values of ˛

re greater than 2 in all the cases which suggests that the phases
row with facets morphology.

.5.1. Microstructure of monotectic and eutectic
The microstructure of monotectic and eutectic is given in Fig. 4.

he study of interfacial energy reveals the applicability of non-
etting condition, i.e., both phases are not wetting to each other.

he effect of non-wetting could be seen clearly from the microstruc-
ure of monotectic and eutectic. The microstructure of monotectic

Fig. 4(a)) shows that one phase (DIB) has solidify with lamellar

orphology; however resorcinol has solidify with droplets mor-
hology near the lamella. On the other hand, microstructure of
utectic (Fig. 4(b)) also shows that DIB has solidify with thinner
amellar morphology along with bigger droplets of another phase

[
[

[
[
[

a Acta 498 (2010) 112–116

(R). In the microstructure of monotectic and eutectic, the thickness
of lamella and droplets size infers the proportion of DIB and R. The
closer view of microstructures shows that to minimize the surface
energy, the tendency of droplets is to be spherical shape. In some
region the spherical drops and being observed while some region
of microstructure shows elongated spherical structures. This may
be due to the reason that time of formation of sphere is more than
the freezing time.

4. Conclusions

The phase diagram between resorcinol and 1,4-diiodobenzene
shows the formation of a monotectic and a eutectic with 0.05 and
0.97 mole fractions of resorcinol, respectively. The diagram shows
that upper consolute temperature is 33.5 ◦C above the monotec-
tic horizontal. The DIB and R are miscible in each other up to a
convinced limit and form the solid solution. The growth kinetics
suggests that growth data obey the Hillig–Turnbull equation for
each material, and the size of critical nucleus depends on the under-
coolings. The enthalpy of mixing and excess free energy was found
to be positive. The interfacial energies are correlated by the rela-
tion �SL2 > �SL1 + �L1L2 , which confirms the Cahn’s non-wetting
condition is applicable to the present system. The microstructural
investigations show lamellar growth morphology for one phase
and droplets morphology for other phase, and both could appear
together which further chains the finding of non-wetting condition.
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