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Abstract Solid-liquid phase equilibrium data of three
binary organic systems, namely, 3-hydroxybenzaldehyde
(HB)—4-bromo-2-nitroanilne (BNA), benzoin (BN)—res-
orcinol (RC) and urea (U)—1,3-dinitrobenzene (DNB),
were studied by the thaw—melt method. While the former
two systems show the formation of simple eutectic, the
third system shows the formation of a monotectic and a
eutectic with a large immiscibility region where two
immiscible liquid phases are in equilibrium with a liquid of
single phase. Growth kinetics of the pure components, the
monotectic and the eutectics, studied by measuring the rate
of movement (v) of solid-liquid interface in a thin U-tube
at different undercoolings (AT) suggests the applicability
of the Hillig-Turnbull’s equation: v = u (AT)", where
v and n are the constants depending on the nature of the
materials involved. The thermal properties of materials
such as heat of mixing, entropy of fusion, roughness
parameter, interfacial energy, and excess thermodynamic
functions were computed from the enthalpy of fusion val-
ues, determined by differential scanning calorimeter
(Mettler DSC-4000) system. The role of solid-liquid
interfacial energy on morphologic change of monotectic
growth has also been discussed. The microstructures of
monotectic and eutectics were taken which showed
lamellar and federal features.

Keywords Phase diagram - Thermal properties - Organic
eutectic - Microstructure - Solid-liquid interfacial energy

R.S.B. Reddi - V. S. A. K. Satuluri - U. S. Rai - R. N. Rai (X))
Department of Chemistry, Centre of Advanced Study,

Faculty of Science, Banaras Hindu University,

Varanasi 221 005, India

e-mail: rn_rai@yahoo.co.in

Introduction

The mechanism of solidification behavior of polyphase
alloys, particularly monotectic alloys, are of potential
importance for fundamental and industrial applications
such as self-lubricating alloys [1, 2]. Metallic systems
[3, 4] constitute an interesting area of investigations but
they are not suitable for detailed study because of wide
density difference, opacity, and high transformation tem-
perature of the components involved. However, low
transformation temperature, transparency, wider choice of
materials, and minimized convection effects are the special
features which have prompted a number of research groups
to work on binary organic eutectics, monotectics, and
molecular complexes [5-9]. To begin with organic systems
are used as model systems for detailed investigation of
several parameters which control the mechanism of solid-
ification and decide the properties of materials, and thus the
understanding of controlling parameters could be applied
for metallic systems. During the last two decades, the
potential use of organic materials for non-linear optical
(NLO) and other electronic applications [10, 11] has
prompted the researchers to undertake their various phys-
icochemical investigations. Furthermore, synthesis of bin-
ary organic materials have shown the potential to produce,
as well as to modify, the NLO and white light-emitting
diode (WLED) materials [12—15].

The studies on monotectic alloys have been less scarce
due to several inherent difficulties associated with systems
forming monotectic. Nonetheless, some of the articles
[1, 16, 17] explain various interesting phenomena of
monotectic alloys. The wide freezing range, large density
differences, and immiscibility between two liquid phases
are the prime issues. Thus, the roles of wetting behavior,
interfacial energy, thermal conductivity, and buoyancy
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during the phase separation process have been a subject of
great discussion. In this article, the details of phase dia-
grams, thermochemistry, linear velocity of crystallization
at different undercoolings, heat of fusion, Jackson’s
roughness parameter, interfacial energy and microstruc-
tures of the HB—BNA, BN-RC and U-DNB systems are
reported.

Experimental
Materials and purification

Starting materials, 3-hydroxybenzaldehyde, 4-bromo-2-
nitroaniline, benzoin, urea and 1,3-dinitrobenzene were
received from Sigma-Aldrich (Germany), whereas resor-
cinol was received from Thomas Baker, India. Urea was
purified by recrystallization from deionized water below
60 °C; benzoin was purified by crystallization from CCly,
3-hydroxybenzaldehyde, 4-bromo-2-nitroaniline and 1,3-
dinitrobenzene was purified by recrystallization from eth-
anol, and resorcinol was purified by crystallization from
hot water. The purity of each compound was verified by
comparing its melting temperature with that of the reported
values in the literature [18, 19].

Phase diagram

The phase diagram was determined by the thaw-melt
method. In this method [20, 21], mixtures of two components
covering the entire range of compositions were prepared, and
these mixtures were homogenized by repeating the process
of melting followed by chilling in ice cooled water 4-5 times.
The melting temperatures of different composition were
determined using a melting point apparatus (Toshniwal
melting point) attached with thermometer with an accuracy
of £0.5 °C. The graphs were plotted between melting tem-
peratures and their respective compositions.

Enthalpy of fusion

The values of heat of fusion of the pure components, the
eutectics, and the monotectic were determined [22, 23] by
differential scanning calorimeter (Mettler DSC-4000 sys-
tem). Indium and Zinc samples were used for calibrating
the DSC unit. The amounts of the test sample and heating
rate were about 5-7 mg and 5 °C/min, respectively. The
values of enthalpy of fusion are reproducible within
40.01 kJ/mol. To assess the uncertainty, the experiment
for the determination of heat of fusion values was repeated
by taking different weights between 5 and 7 mg as well as
using the heating rates from 5-10 °C/min, for the same
samples and several times.
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Growth kinetics

The influence of temperature on growth kinetics of the pure
components and their eutectics and the monotectic was
studied [21, 23] by measuring the rate of movement of the
solid-liquid interface at different undercoolings in a capil-
lary tube (U-shape) of 150-mm horizontal portion and 5 mm
internal diameter. Molten samples of the pure components,
the eutectics and the monotectic were separately taken in a
capillary and placed in a silicone oil bath. The temperature
of the oil bath was maintained using microprocessor tem-
perature controller of accuracy £0.1 °C. At a particular
temperature, below the melting point of the sample, a seed
crystal of the same composition was added to start the
nucleation, and the rate of movement of the solid-liquid
interface was measured using a traveling microscope and a
stop watch. The same procedure was repeated at different
undercoolings for different material to plot the graph.

Microstructure

Microstructures of the pure components, the eutectics, and
the monotectic were recorded [20] by placing a drop of
molten compound on a hot glass slide. To avoid the
inclusion of the impurities from the atmosphere, a cover
slip was glided over the melt, and it was allowed to cool to
obtain a super-cooled liquid. The melt was nucleated with a
seed crystal of the same composition at one end, and care
was taken to ensure unidirectional freezing. The direc-
tionally solidified crystal system on the glass slide was then
placed on the platform of an optical microscope (Leitz
Labourlux D). The different regions of the slide were
viewed with suitable magnification and photographs of
interesting region were recorded using a camera attached
with the microscope.

Results and discussions
Phase diagram

The phase diagrams of BNA-HB and BN-RC systems,
reported in terms of melting temperature—composition
curves, show the formation of simple eutectics (Figs. 1, 2).
The melting points of BNA and HB are 111.0 and 103.
0 °C, respectively, and the melting point of BNA decreases
with the addition of HB. The mixture having 0.5 mol
fraction of HB shows the minimum melting temperature,
78.0 °C, and it is the eutectic of BNA-HB system. Simi-
larly, in case of BN-RC, the melting temperature of BN is
133.0 °C, and it decreases with the addition of RC and
reaches to the minimum melting temperature, i.e., the
eutectic temperature of BN-RC. Further addition of RC
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Fig. 1 Phase diagram of 4-bromo-2-nitroaniline and 3-hydroxybenz-
aldehyde
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Fig. 2 Phase diagram of benzoin and resorcinol

increases the melting point and reaches to the 110.5 °C,
which is the melting point of resorcinol. The eutectic
temperature and composition of BN-RC system are
87.0 °C and 0.75 mol fraction of resorcinol, respectively.
Three phases, namely, a binary liquid phase, L, and two
solid phases, S; and S,, are in equilibrium at the eutectic
point which is invariant point of the system. When a
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Fig. 3 Phase diagram of urea and 1,3-dinitrobenzene [24]

solution of the eutectic composition is cooled below the
eutectic temperature, it dissociates into two solid phases as

L—S+$ (1)

However, the solid-liquid equilibria data of the third sys-
tem (U-DNB) show the formation of a monotectic and a
eutectic where the mole fractions of DNB are 0.025 and
0.989, respectively (Fig. 3). The eutectic and the mono-
tectic melting temperatures correspond to 131.5 and
87.5 °C, respectively. A portion of the studies of U-DNB
system concerning the phase diagram, formation of solid
solution, solubility, crystal growth, and their optical and
nonlinear optical properties, of has been reported earlier
[24]. Moreover, solidification behavior, details of thermal
study including excess thermodynamic properties and
microstructural investigation of this system were due to
report.

Growth Kkinetics

In order to study the crystallization behavior of the pure
components, the eutectic and the monotectic, the crystal-
lization rate (v) are determined at different undercoolings
(AT) by measuring the rate of movement of solid—liquid
interface in a capillary. The plots between log AT and log
v are depicted in Fig. 4. The linear dependence of these
plots is in accordance with the Hillig and Turnbull [25]
equation

v = u(AT)" )

where u and n are constants and depend on the solidifica-
tion behavior of the materials involved. The values of # and
n are given in Table 1. These findings may be explained by
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Fig. 4 Linear velocity of BNA-HB, BN-RC and U-DNB systems

Table 1 Values of n and u for pure components, monotectic and
eutectics

1

Material n w/mm s~ deg™
BNA 1.45 1.45 x 107%
HB 531 1.11 x 10777
Eutectic (BNA-HB) 3.23 2.58 x 1077
BN 2.24 1.09 x 107%
RC 3.94 456 x 107
Eutectic (BN-RC) 0.57 258 x 1079
U 5.12 1.99 x 107
DNB 2.15 1.21 x 107
Monotectic 0.95 1.30 x 1072
Eutectic (U-DNB) 1.50 4.11 x 1072

the mechanism given by Winegard et al. [26]. According to
those authors, the crystallization 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 also starts nucleating.
Now, there are two possibilities: either the two initial
crystals grow side-by-side, or there may be alternate
nucleation of the two phases. The values of n for the
monotectic being close to 1 suggest that there is direct
relationship between growth velocity and undercoolings.
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The values of n being close to 2 suggest the square rela-
tionship between growth velocity and undercooling (AT).
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 and monotectic
is higher than the parent components in case of U-DNB
system. These findings suggest that the two phases of
monotectic and eutectic solidify via the side-by-side
growth mechanism.

Thermochemistry

The knowledge of enthalpy of fusion values of the pure
components, the eutectics and the monotectic is important
for understanding the mechanism of solidification, struc-
ture of eutectic 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 eutectics, and the monotectic, as determined by the
DSC method, are reported in Table 2. For comparison, the
values of enthalpy of fusion of eutectics calculated by
the mixture law [20] are also included in the same table.
The values of enthalpy of mixing which mark the differ-
ence between experimental and the calculated values of the
enthalpy of fusion of the eutectics are found to be 0.03,
—6.14, and 0. 32 kJ mol ™! for BNA-HB, BN-RC, and
U-DNB systems, respectively. As such, three types of
structures are suggested [27]; quasi-eutectic for A,;xH > 0,
clustering of molecules for A, ;;H <0, and molecular
solution for A;xH = 0. In present system, the positive
value of A;xH for the eutectic suggests the formation of
quasi-eutectic structure in the binary melt of the eutectic of
BNA-HB and U-DNB systems. The highly negative value
of enthalpy of mixing in case of BN-RC system suggests
that there is associative interaction in the molecules in the
eutectic melt [28]. The entropy of fusion (Ag,S) 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 favors the melting process. This is a
common observation in the melting of a material.

The deviation from the ideal behavior can best be
expressed in terms of excess thermodynamic functions,
namely, excess free energy (g%), excess enthalpy (4F), and
excess entropy (s7), which give a more quantitative idea
about the nature of molecular interactions. The excess
thermodynamic functions could be calculated [20, 29]
using the following equations and the values are given in
Table 3:

gF =RT [xllnyll +x In ylz] (3)
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Table 2 Heat of fusion, entropy of fusion and roughness parameters of three systems

Materials Heat of Heat of Entropy of Roughness
fusion/kJ mol ™' mixing/kJ mol ™! fusion/J mol 'K~ parameters/o

BNA 17.37 45.31 5.44

HB 24.60 65.43 7.91

Eutectic (Exp.) 21.03 0.03 59.91 7.24

(BNA-HB) (Cal.) 21.00

BN 40.31 99.28 11.94

RC 22.20 57.89 6.96

Eutectic (Exp.) 20.59 —6.14 57.19 6.89

(BN-RC) (Cal.) 26.73

U 14.60 35.92 4.32

DNB 16.00 43.96 5.29

Monotectic (Exp.) 14.75 36.46 4.39

Eutectic (Exp.) 16.31 0.32 45.24 5.44

(U-DNB) (Cal.) 15.99

Table 3 Excess thermodynamic functions for the eutectics of three
systems

Material gYkI mol™!  AE/KI mol™'  sB/kJ mol™! K71
BNA-HB eutectic ~ 0.4573 —12.5169 —0.0370
BN-RC eutectic ~ —0.4789 9.1959 0.0269
U-DNB eutectic 0.0038 3.6087 0.0099
dlnvy dlny!
hE = —RT?|x Ly 2 4
Yor Ttar “)

1 1
sf=—-R {xl lnyl1 + x; In ylz + xq Ta l;Tyl + sza I;TVZ (5)
where lnyz, x;, and aé—n/l are activity coefficients in the
liquid state, the mole fraction and the variation of log of
activity coefficients in liquid state as a function of tem-
perature of the component i.

It is evident from equations, (3)—(5), that activity coef-
ficients and thier variation with temperature are required to
calculate the excess functions. Activity coefficient (y})

could be evaluated [20, 30] using the equation:

AnsH; (1 1
_1 (iql> _ Ofusli _ 2
n(x;y R (Tfus T,r> (6)

where x;, ApoH;, T, and Ty, are mole fraction, enthalpy of
fusion, melting temperature of component i and melting
temperature of a eutectic, respectively. The variation of
activity coefficient with temperature could be calculated by
differentiating Eq. 6 with respect to temperature:

Oln yf _ AngH; o Ox

oT RT? ™

x,0T

Ox;/0T in this expression can be evaluated by considering
two points around the eutectic. The positive values of
excess free energy in case of BNA-HB and U-DNB in
eutectics indicate that the interaction between the like
molecules (BNA-BNA, HB-HB, U-U, and DNB-DNB)
are stronger than the interaction between the unlike mol-
ecule (BNA-HB and U-DNB), whereas the negative val-
ues of excess free energy in case of BN-RC eutectic
suggest that there is an associative interaction between
unlike molecules [29].

The solid—liquid interfacial tension affects the enthalpy of
fusion value and plays an important role in determining the
kinetics of phase transformation [31]. When liquid is cooled
below its melting temperature, the melt does not solidify
spontaneously because under equilibrium condition, it con-
tains number of clusters of molecules of different sizes. As
long as the clusters are well below the critical size [32], they
cannot grow to form crystals and, therefore, no solid would
result. Also during growth, the radius of critical nucleus gets
influenced by undercooling as well as the interfacial energy.
The interfacial energy (o) is given by

C. AnsH

o (NA)1/3 (Vm)2/3 (8)
where N, is the Avogadro Number, V,, is the molar
volume, and parameter C lies between 0.30 and 0.35. The
calculated interfacial energy of the three systems are given
in Table 4. The literature during the last two decades is
replete with various attempts to understand and to explain
the process of solidification of monotectic alloys [33, 34].
The role of wetting behavior in a phase separation process
is of immense importance. In view of this, the applicability
of Cahn’s wetting condition, given by the following
equation, has been tested in case of U-DNB system.
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Table 4 Interfacial energy of the three systems

Parameter Interfacial energy x107/Jm~>
ost, (BNA) 33.91
os1, (HB) 51.29
o (BNA-HB) 42.60
os1,(BN) 64.24
osi, (RC) 53.96
o (BN-RC) 56.53
as, (U) 54.64
osi, (DNB) 33.68
01,1,(U — DNB) 2.46
og (U-DNB) 33.89
Ost, <0sL, +0L1, )

where o is the interfacial energy between the faces denoted
by the subscripts. The interfacial energy between two
liquids, oy,7,. has been calculated using the equation:

Table 5 Critical radius of three systems

oL, = 0st, + Os1, — 2+/(0s1,051,) (10)

The values of interfacial energy (Table 4) show that the

Cahn’s wetting condition could be applicable in this system.
To study the critical nucleus (r*) and the influence of

undercooling on it, the following equation was used:

rx = 20T (11)
Ags H. AT

where Tpy, ApgH, and AT 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 the Eqs. 8 and 11
of the three systems are given in Table 5. The size of
critical nucleus decreased with increase in undercooling.
Thus, high undercooling favors the formation of critical
nucleus of smaller size. This may be ascribed to the
increase amplitude of molecular vibration at higher
temperature.

Undercooling Critical radius x 10~%cm

ATIPC BNA HB
(BNA-HB)

Eutectic BN RC

Eutectic Urea DNB
(BN-RC)

Monotectic
(U-DNB)

Eutectic
(U-DNB)

2.0
3.0
3.5
5.0
6.0
7.0
8.0 1.87 1.96
9.0

10.0
11.0
11.5
12.0
13.0
14.0
15.0
16.0
17.0
18.0
20.0
22.0
23.0
25.0
26.0
27.0
29.0

1.36

1.07

0.94

1.57

1.31

1.12

0.57
0.52

0.45

0.42

0.76

0.65

0.56

0.50

0.45

1.63
1.48

1.36
1.25

2.70
5.11
1.54
1.08
2.55 0.90 0.09
432
3.78 1.92
3.36
1.98 3.03 1.53 0.05

2.63

1.52 2.33 0.04

0.036

1.09

0.79
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Microstructure

It is well known that in polyphase materials, the micro-
structure gives information about shape and size of the
crystallites, which plays a very significant role in deciding
mechanical, electrical, magnetic, and optical properties of
materials. According to Hunt and Jackson [35], the type of
growth from melts depends upon the interface roughness
(o) defined by

o = EApgsH /RT (12)

where ¢ is a crystallographic factor which is generally
equal to one or less than one. The calculated values of « are
reported in Table 2. If o > 2, then the interface is quite
smooth and the crystal develops with a faceted morphol-
ogy. On the other hand, if « < 2, then the interface is rough
and many sites are continuously available, and the crystal
develops with a non-faceted morphology. In the above
three systems, the values of « are greater than 2 in all the
cases which suggests that the phases grow with facets
morphology.

Microstructure of monotectic and eutectic

The study of interfacial energy reveals the applicability of
non wetting condition, i.e., both phases are not wetting to
each other. The effect of wetting behavior reflects from the
microstructure of monotectic and eutectic. According to
the wetting model [36] in the monotectic reaction
(Ly —» S; + L,), the reaction constituents are in contact as
represented in Fig. 5. Chadwick [36] proposed that
monotectic composites cannot be grown unless the relative
surface energies equilibrium contact between Sy, L, and L,
occurs. As such when L, does not wet §; monotectic
growth cannot take place. Cahn [37] suggested monotectic
growth in the light of critical wetting, critical velocity, and
disjoining pressure. The nucleation of liquid L, depends on

Y
SL,

Fig. 5 Schematic representation of monotectic reaction component

the balance of interfacial tensions and as such the following
three situations arise:

@) If ygr, > vs,1, T 7L, then non-wetting behavior
would result, a steady-state growth of the monotectic
will be observed, and droplets of L, will be formed.
They will sink or float as given by the Stokes formula:

2gr*(Dy — D) (13)

V:
9 m

where, V is the liquid droplet float velocity, g is the
acceleration due to gravity, r is the radius of droplet,
D, is the density of liquid L;, D, is the density of
liquid L,, and # is the viscosity of liquid L, If R is the
solid-Liquid interface advance velocity, and V > R,
then L; will solidify at the bottom and L, will solidify
at the top. On the other hand if V < R, steady state
fibrous growth of L, will be observed.
If y5,1, = Vs,, + V1,1,€080, the partial-wetting behavior
would result, and a steady-state fibrous growth of L, will be
obtained.

(i) If s, <vsr, + 7,1, then the complete wetting
behavior and a steady-state growth of L, will be
observed.

The unidirectional solidify microstructure of eutectic of
BNA-HB system (Fig. 6a) shows showing the federal
nucleation which has grown with dendritic structure. One
of the phase has solidified in dendritic shape over the
another phase which has solidified uniformly. The micro-
structure of eutectic of BN—RC system (Fig. 6b) shows the
lamellar structure. The closure view of structure shows that
some of the lamellas are broken. The proportion of the two
phases present in eutectic structure is being reflected from
the microstructure. The directionally solidified micro-
structure of U-DNB monotectic (Fig. 6¢) shows the
droplets formation for one of the phases. The alignment of
the droplets indicates the direction of solidification. Lower
half of the structure shows that the droplets are regularly
arranged in parallel fashion similar to broken lamella. The
droplets have got sufficient time to become spherical in
shape. On the other hand, the upper half portion shows
branching and misalignment (some portion) in array of
droplets. This type of microstructures is frequently
observed in case of metal-nonmetal systems [34] where the
Cahn-wetting condition is obeyed. For metallic systems,
such structure are more demanding for the application of
self-lubricating bearing. The eutectic of U-DNB system
has grown with lamellar morphology (Fig. 6d). The right
portion of the microstructure shows the parallel lamella;
however, in left corner, parallelisms have not been main-
tained uniformly. This may be due to the lack of uniform
temperature gradient.
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Fig. 6 Microstructure of

(a) BNA-HB eutectic, (b) BN-
RC eutectic, (¢) U-DNB
monotectic and (d) U-DNB
eutectic

Conclusions

The phase diagram of BNA-HB and BN-RC systems show
the formation of simple eutectics with 0.5 mol fraction of
HB and 0.75 mol fraction of RC, respectively. The phase
diagram between urea and m-dinitrobenzene shows the
formation of a monotectic (with 0.025 mol fraction of
DNB) and a eutectic (with 0.9896 mol fractions of DNB)
with their melting temperatures 131.5 and 87.5 °C,
respectively. The growth kinetics suggests that growth data
obey the Hillig—-Turnbull equation for each material of the
three systems, and the size of critical nucleus depends on
the undercoolings. The enthalpies of mixing and excess
free energy were found to be positive in two systems,
namely, BNA-HB and U-DNB, and negative in BN-RC
eutectic. The interfacial energy data confirm that the
Cahn’s condition, og, <osy, + 01,1,, is applicable in
the case of U-DNB system. In the case of monotectic of
U-DNB, microstructural investigations show the formation
of regular lamellar droplet morphology, and the eutectic
shows the formation of lamellar morphology.
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