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ABSTRACT

The phase diagram of 2-cyanoacetamide—4-bromonitrobezene system was studied which
shows a large miscibility gap and the formation of a eutectic and a monotectic where the mole
fractions of 2-cyanoacetamide are 0.92 and 0.065, respectively. The critical temperature is being
63.5°C above the monotectic horizontal line. Growth kinetics of the pure components and the
binary mixtures (monotectic and eutectic) 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. 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 values, determined by differential scanning
calorimeter (Mettler DSC-4000) system. The solid-liquid interfacial energy data confirm the
applicability of the Cahn non-wetting condition. The microstructures of monotectic and eutectics
were taken and have also been explained.

Key words: Phase diagram; Monotectic alloys; Eutectic; Thermal properties; Interfacial energy;
Microstructure.
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1. Introduction

The investigations on the temperature dependent solidification behaviour of monotectic
alloy are of potential importance for fundamental investigations for self lubricating alloys and
various industrial applications [1-3]. Due to high transformation temperature and wide density
difference, the metallic systems do not constitute an interesting area of investigations [4-5].
However, due low transformation temperature, ease of purification, transparency, wider choice
of materials and minimized convection effects on solidification, organic systems are being used
as model systems for detailed investigation of the parameters which control the mechanism of
solidification which decides the properties of materials. But now-a-days organic systems are
known for promising NLO, fluorescence, and conducting behavior which reinforce the
investigation to produce the different materials for their specific device applications [6-9]. With
this view, the number of research group [10-12] is working on organic systems to explore the
different properties for specific applications.

Due to several difficulties associated with systems forming monotectics, these alloys
have been studies to a very small extent. Nonetheless, some of the articles [1, 13-14] explain
various interesting phenomenon of monotectic alloys. As pointed out, the wide freezing range
and large density difference between two liquid phases are the main problems. In addition, the
role of wetting behaviour, interfacial energy, thermal conductivity and buoyancy during the
phase separation process has been a subject of great discussion. 4-bromonitrobenzene (BCB) and
2-cyanoacetamide (CA) are the organic materials having high enthalpy of fusion (21.59 and
18.97 kJ. mol! respectively) values as compared to metallic compounds where the heat of fusion
value, is less than 4.0 kJ. mol, and therefore the present system might be considered as organic

analog of nonmetal-nonmetal systems. In the present communication, the details of phase
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diagram, growth kinetic study at different undercoolings, heat of fusion, Jackson’s roughness

parameter, interfacial energy, excess thermodynamic functions and microstructures are reported.

2. Experimental

2.1. Materials and purification

2-Cyanoacetamide (Aldrich, Germany), was purified by crystallization from de-ionized
water while 4-bromonitrobenzene (Aldrich, Germany) was purified by crystallization from
ethanol. The melting temperatures of CA and BNB were found to be 121.0 and 128.5 °C,

respectively, which are close to their reported values [15].

2.2. Phase diagram

The phase diagram of BNB-CA system was determined by recording the melting point
temperature of mixtures in the entire range of composition of BNB-CA and plotting a curve in
composition on the X-axis and their respective melting/complete miscibility temperature on the
Y-axis. In this method [16-17] mixtures of two components covering the entire range of
compositions were prepared and taken in test tubes and after sealing the mouth of the test tubes
these mixtures were homogenized 4 times by repeating the process of melting followed by
chilling in ice cooled water. The melting/complete miscible temperatures of different
composition were determined using a melting point apparatus (Toshniwal) attached with a
precision thermometer associated with an accuracy of + 0.5 °C. The determined numerical data
of solid-liquid and liquid-liquid equilibrium of different composition and temperatures are given

in Table 1.
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2.3. Enthalpy of fusion

The heat of fusion of the pure components, the eutectic and the monotectic were
determined [18] by differential scanning calorimeter (Mettler DSC-4000 system). Indium and
zinc samples were used to calibrate the DSC unit. The amount of test sample and heating rate
were about 7 mg and 5 °C min'%, respectively. The values of enthalpy of fusion are reproducible

within £ 1.0 %.

2.4, Growth kinetics

The growth kinetics of BNB, CA and their eutectic and monotectic were studied [17-18]
by measuring the rate of movement of the solid-liquid interface at different undercoolings in a
U-shape capillary tube of Jena glass of 150 mm horizontal portion and 5 mm internal diameter.
Molten samples of pure components, eutectic and monotectic were separately taken in the
capillary, and placed in a silicone oil bath. The temperature of the oil bath was maintained using
microprocessor temperature 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 at one end of
the U-tube, to facilitate the 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 eutectic and the monotectic were recorded [26] by placing a drop
of molten compound on a hot glass slide. To avoid the inclusion of the impurities from the
atmosphere and formation of bubbles, 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
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composition taking care for unidirectional freezing. The unidirectionally solidified sample on
glass slide was then placed on the platform of an optical microscope (Leitz Labourlux D). The
different regions of the glass slide were viewed and photographs of interesting region were

recorded choosing suitable magnification using a camera attached with the microscope.

3. Results and discussions

3.1. Phase diagram

The melting points of pure compounds BNB and CA are represented in the extreme left
and right sides of the diagram at 128.5 and 121 °C, respectively. The melting point of BNB
decreases with addition of CA up to M (the monotectic point), after which, even a slight addition
of CA cause the appearance of two immiscible layers (Fig.1). In this figure the immiscibility
region is shown by the area L1 + L, bounded by the curve MCMh. The point C at the top of the
curve is the critical point or consolute point and the corresponding temperature (188 °C) is
known as critical solution temperature (Tc). The miscibility temperature starts increasing after M,
attains its maximum point at C, and thereafter decreases till it attains the monotectic horizontal
(Mn). The miscibility curve is still continued in the region (S + L) that lies between the eutectic
and monotectic horizontal lines and end at the point E, the eutectic point. The area (L1 + L2) may
be regarded as to be made up of an infinite number of tie lines which connect the two liquid
phases L; and L at the extreme sides of the diagram. These tie lines become progressively

shorter until the ultimate tie line at the top of the area reduce to a point C that corresponds to the

critical solution temperature. This system involves three types of phase separation processes: (i)

L & L1+ Ly, (i)L1 = S1 + Lo, (iii) Lo = S1 + Sy. First of these, concerns the phase separation
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of liquid L in the two phase region (L1 + L>) as the liquid of the composition corresponding T¢ is
cooled below the critical solution temperature. The second reaction is the monotectic phase
separation reaction and is similar to the eutectic reaction except that both the phases produced
are not solids. This reaction occurs when a liquid of monotectic composition is cooled through
the monotectic temperature, Tm. As a result of cooling below Tw the liquid Lz, which is rich in
one component (BNB) decomposes into a solid phase Sz rich in the first component and another
liquid phase L. rich in the second component (CA). The third reaction is the eutectic reaction,
when a liquid of eutectic composition is cooled below the eutectic temperature Tg, the phase

separation reaction results in two solids S; and S,.

The mole fraction of CA in eutectic and monotectic are 0.92 and 0.065 and their
corresponding melting temperatures are 118.5 and 124.5°C, respectively. The upper
consolute/critical temperature (T¢) is 188.0 °C which is 63.5°C above the monotectic horizontal
(Mn). Above the critical temperature (T¢), the two components are miscible in all proportions.
However, below T temperature and between 0.065 and 0.92 mole fraction of CA compositions

range the two immiscible liquids (L1 and L>) are produced.

3.2. Growth kinetics

In order to study the crystallization behavior of the pure components and binary mixtures
(the eutectic and the monotectic) was studies by measuring the linear velocity of crystallization
(v) at different undercooling (AT) by observing the rate of movement of moving front in a
capillary. The crystallization data are shown in Fig. 2 in the form of linear plots which are in

accordance with the Hillig-Turnbull equation, [19],

v =u(AT)" .. (1)
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where u and n are constants depending on the solidification behaviour of the materials involved.
The values of u and n in each case were determined from the intercepts and slope of the straight
lines (Fig. 2). The determined experimental values of these constants are given in Table 2. The
basic criterion for the growth mechanism [20] is the comparison of the temperature dependence
of linear velocity of crystallization with the theoretically predicted, equations. While normal
growth generally occurs on the rough interface in which case there is direct proportionality
between the crystallization and under cooling, lateral growth is facilitated by the presence of
steps, jogs, bends, etc. and under such condition the relationship for the spiral mechanism
follows the parabolic law given by equation (1). While in the case of the eutectic and the
monotectic, there is square relationship following parabolic law between linear growth velocity
and undercooling, in the case of CA there is direct proportionality between the growth velocity
and undercooling. In the case of BNB the growth velocity is very high in comparison to that of

CA.

It is well know that a value of u gives measure of growth velocity of material. It is evident
from the data reported in Table 1 that growth velocity of BNB is very high in comparison to that
of CA and the value of the linear velocity of crystallization of the eutectic lie between two
components while for monotectic it is higher than the two components. These findings may be
explained by the mechanism given by Winegard et al. [21] where 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 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

deviation of n values from 2, observed in some cases, is due to difference in temperature of bath
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and temperature of growing interface. From the values of u (Table 2) 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.
3.3. 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 eutectic
melt and the nature of interaction between two components forming the eutectic and the
monotectic. In addition, different thermodynamic quantities such as entropy of fusion, interfacial
energy, enthalpy of mixing, excess thermodynamic functions and Jackson’s roughness parameter
can be calculated from the entropy of fusion data. 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 comparison, the value of enthalpy of fusion of eutectic has been calculated by the

mixture law [22]
(AfH)eut:XrAleo"‘Xz-Ang ....(2)

where x and AfH are the mole fraction and heat of function, respectively of the component
indicated by the subscript. The calculated enthalpy of fusion value is tabulated in Table 2. The
value of enthalpy of mixing which is the difference of experimental and the calculated values of
the enthalpy of fusion is found to be 0.95 KJmol?. As such, three types of structures are
suggested [22]; quasi—eutectic for AmixH > 0, clustering of molecules for AmixH < 0 and
molecular solution for AmixH = 0. In present system the positive value of AmixH for the eutectic

suggests the formation of quasi-eutectic structure in the binary melt of the eutectic [23]. The
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entropy of fusion (AwsS) values, for different materials has been calculated by dividing the

enthalpy of fusion by their corresponding absolute melting temperatures (Table 2).

A measure of deviation from ideal behaviour can be best expressed in terms of excess
thermodynamic functions, namely, excess free energy (gF), excess enthalpy (hF), and excess
entropy (s5) which give a more quantitative idea about the nature of molecular interactions. The
excess thermodynamic functions could be calculated [16, 24-25] using the following equations

and the values are given in Table 3:

g" :RT[xllny1'+x2In72'J .. 3)
| |
he = —RT?| x 27,y 2IN7, . @)
or or
Alny, Alny,
sf=—R|xIny.' +x, Iny. +xT L x T2 72 .. (5
{ 1Ny 2 MY, 1 T 2 a (5)

Alny, . L . -
where Inyi', xiand 7 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 equations 3 to 5 that the activity coefficient and its variation with
temperature are required to calculate the excess functions. Activity coefficient (;/i') could be
evaluated by using the equation [15, 16]

.(y)z%@i%] o
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where X; , A H;, T, and T, are mole fraction, enthalpy of fusion, melting temperature of

I
component i and eutectic melting temperature, respectively. However, the variation of activity
coefficient with temperature could be calculated by differentiating equation 6 with respect to

temperature.

olny! ALH, X
=—fts 1 _ e (7)
oT  RT? xoT

The value of ox /0T in this expression is used from the phase diagram by taking the slope

between two points near the eutectic. The positive values of excess free energy indicate that the
interaction between the like molecules (CA—CA and BNB-BNB) are stronger than the

interaction between the unlike (CA—BNB) molecule [24].

The solid-liquid interfacial tension plays a key role in a wide range of metallurgical and
materials phenomena from wetting [20] and sintering through phase transformations and
coarsening [21]. When liquid is cooled below its melting temperature, it does not solidify
spontaneously because under equilibrium condition the melt contains the number of clusters of
molecules which are of different sizes. As long as the clusters are well below the critical size
[22], they cannot grow to form crystals and, therefore, no solid would result. During growth, the
radius of critical nucleus is influenced by undercooling as well as the interfacial energy of the
surface involved. The interfacial energy (o) is related to the critical size (r) of nucleus [22] by
the following equation:

20T,

A HAT ®)
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where Trs, ArusH and AT are melting temperature, heat of fusion, and degree of undercooling,

respectively. The interfacial energy (o) is given by

CA; . H
_ fus ....(9
o (NA)US.(Vm)m 9)

where Na is the Avogadro number, Vi is the molar volume, and parameter C lies between 0.34
and 0.45 [23]. To calculate the molar volume, the density of BCB and CA used was 1.323 and
1.812 g.cm?, respectively. The calculated values of critical radius and interfacial energy are
reported in Table 4 and Table 5, respectively. During the solidification whether droplets nucleate
in the melt or on the solid-liquid interface depends on the relative magnitude of three interfacial

energies, namely, oy , oy ando, . The interfacial energy oy and oy has been calculated

using equation (9), however interfacial energy o, , =~ has been calculated using the equation

OL,= Os, T Og, - 2\/( O, OsL, )- ... (10)

where oy , o5, and o, are the interfacial energies of solid (S) and the liquid La, solid (S)

and the liquid L2, and liquid L1 and liquid Lo, respectively. It is evident from the Table 5 that the

interfacial energies are related by relation

Og, < Og,t oy, . (11)

which satisfy the wetting condition and hence it is concluded that the Cahn wetting condition is

applicable for the present system.
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3.4. Microstructure

According to Hunt and Jackson [27] the type of growth from melts depends upon the

interface roughness (o) defined by

o = & AusHIRT . (12)

where & is the crystallographic factor whose value lies between 0.5 and 1.0, AssH is the heat of
fusion, Ty is the melting temperature, and R is the gas constant. The value of & was used 1.0 for
the calculation of o values. The values of o for different materials are reported in Table 2. If o >
2 the interface is quite smooth and the crystal develops with a faceted morphology. On the other
hand, if o < 2, the interface is rough and many sites are continuously available and the crystal
develops with a non-faceted morphology. In the present system, the values of o are greater than

2 in all the cases which suggests that the phases grow with facets morphology.

The optical microphotograph of a directionally solidified monotectic has given in Fig. 3a
where faceted growth has been observed. The minor component of the monotectic has been
shown in the major component as thin lines in the microstructure. The study on interfacial energy
reveals the applicability of Cahn non-wetting condition and indicates that both phases are non-

wetting to each other.

4. Conclusions

The phase diagram between 4-bromonitrobenzene and 2-cyanoacetamide shows the
formation of a monotectic and a eutectic with 0.065 and 0.92 mole fractions of CA, respectively.
The diagram shows that the upper consolute temperature is 63.5 °C above the monotectic

horizontal. The growth kinetics suggests that the growth data obey the Hillig-Turnbull equation
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for each material, and the size of critical nucleus depends on the undercoolings. The positive
value of enthalpy of mixing suggests the formation of quasi-eutectic structure in the binary melt

of the eutectic. Interfacial energies are correlated by the relation oy >0y + o , Which

confirms that the applicability of Cahn’s non—wetting condition in the present system. The
microstructural investigations show lamellar growth morphology for the eutectic and faceted

morphology for the monotectic.
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Caption of figures

Fig. 1: Phase diagram of 4-bromonitrobenzene and 2-cyanoacetamide system
Fig. 2: Linear velocity of crystallization at various degree of undercooling for 4-
bromonitrobenzene and 2-cyanoacetamide and their monotectic and eutectic
Fig. 3: Directionally solidify optical microphotograph of  4-bromonitrobenzene

—2-cyanoacetamide eutectic (a) and monotectic (b)
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Table 1: Values of n and u for pure components, monotectic and eutectic

Material n u(mm sectdeg?)
BNB 3.30 63.31
CA 1.17 0.035
Monotectic -2.58 116.41
Eutectic 1.45 3.51

Table 2: Heat of fusion, entropy of fusion and roughness parameter of BNB, CA and their
monotectic and eutectic

Materials Heat of Heat of mixing Entropy of Roughness
fusion 4 fusion  (J parameter
(kJ mol) (kJ mol~) molL K-1) (@)
BNB 21.59 48.2 5.8
CA 18.97 40.3 4.9
Monotectic (Exp.) 19.72 42.1 5.1
Eutectic (Exp.) 20.13 0.95 38.9 4.7
(Cal.) 19.18

Table 3: Excess thermodynamic functions for the eutectic

Material gf (kImol)  hE(kIJmol?) sE(moltK?)
BNB-CA eutectic 2.80 134.06 0.3353
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Table 4: Interfacial energy of 4-bromonitrobenzene and 2-cyanoacetamide and their
eutectic and monotectic

Parameter Interfacial energy (ergs cm)
e (CA) 51.48
os. (BNB) 42.62
.., (BNB-CA) 0.42
oe (BNB-CA) 50.77

Table 5: Critical radius of 4-bromonitrobenzene and 2-cyanoacetamide their eutectic and

monotectic
Undercooling Critical radius x 108 (cm)
AT (°C) CA BNB  Monotectic Eutectic

4.5 4.757 0.0376

55 3.892

6.5 3.293 0.0261

7.5 2.076 0.0225

8.5 1.833  0.019923

9.5 1.640

10 1.975
10.5 1.484

11 1.645
115 1.484

12 1.646
13 1.519
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