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ABSTRACT KEYWORDS

Phase diagram studies of o-nitroaniline-8-naphthol system have been Enthalpy of fusion; entropy
made by the thaw melt method. Simple eutectic type phase diagram of fusion; eutectic; excess
was formed. Formation of eutectic mixture occurred at 0.7222 mole frac- thermodynamic functions;

flexural strength;
microstructure; phase
equilibria

tions of o-nitroaniline and melted at 326.85 K. The heat of fusion of com-
ponents and eutectic mixtures were determined with the help of DSC
technique and excess thermodynamic functions were calculated. Exper-
iments were performed to study the undercooling, microstructure and
linear velocities of crystallization. Flexural strength measurements were
also made. Eutectic mixture showed higher flexural strength as com-
pared to the components.

1. Introduction

Various properties such as solidification behavior, mechanical strength, thermal properties,
microstructures, etc. are very helpful in deciding the application of eutectic materials.[1-8]
In addition, new reaction products are obtained when the reactions are carried out in eutectic
melts.[9] Organic compounds having low melting temperature can be used as model systems.
We have studied number of organic systems forming eutectics in order to understand their
solidification behavior so that properties could be predicted.[3, 5, 7, 8, 10, 11]

In the present article, we have chosen o-Nitroaniline-8-Naphthol eutectic system for the
study of their phase diagram, solidification behavior, and thermo chemical properties. The
eutectic formed was characterized by DSC and FT-IR techniques. The microstructures of pure
components and the eutectic have been predicted on the basis of Jackson’s roughness parame-
ter. Modulus of rupture of the eutectic and pure components was also determined to compare
the flexural strength of eutectic mixture with those of the pure components.

2. Experimental procedure

2.1. Materials and purification

o-Nitroaniline (2-NAN) (KEMPHASOL, 98% pure) was purified by recrystallizing from hot
water and the melting point was found to be 342.75 K (341.15-344.15 K literature value). 8-
Naphthol (2-NAPH) (MERCK, 98% pure) was used without any further purification and the
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Table 1. Temperature—composition data for o-NAN-S-NAPH system.

Solidus Temperature Liquidus temperature Temperature at which first AT=T-T
XZ-NAN (Ts) (K) (TL) (K) nuclei appears (7) (K) (K+0.0)
1.0000 - 34275+ 0.0 32835+ 0.0 14.4
0.9054 32715£0.0 341.65 £ 0.0 326.55+0.0 15.1
0.8082 32715+ 0.0 338.45+0.0 317.05+ 0.0 214
0.7671 32715+ 0.0 33495+ 0.0 318.85 £ 0.0 16.1
0.7534 32715+£0.0 331.65 £ 0.0 31775+ 0.0 13.9
0.7361 32715+ 0.0 330.45+ 0.0 313.85+£ 0.0 16.6
0.7222* — 326.85+£0.0 306.05 £ 0.0 20.8
0.7123 326.95+ 0.0 33175+ 0.0 31445+ 0.0 173
0.6667 32735+ 0.0 340.25+ 0.0 316.65 + 0.0 23.6
0.6216 32715+ 0.0 345.05+0.0 327154+ 0.0 17.9
0.5068 327254+ 0.0 35755+ 0.0 34125+ 0.0 16.3
0.4085 32735+ 0.0 364.35+ 0.0 349.75+ 0.0 14.6
0.3571 32705+£0.0 368.85+ 0.0 35455+0.0 143
0.3099 327554+ 0.0 371.95+£ 0.0 358354+ 0.0 13.6
0.2000 32745+£0.0 379.45+ 0.0 36735+ 0.0 121
0.1000 327554+ 0.0 38535+ 0.0 37345+£0.0 1.9
0.0000 — 39435+ 0.0 38555+ 0.0 8.8

*Eutectic composition.

purity of the compound was checked by determining the melting point. The melting temper-
ature was found to be 394.35 K (394.15-396.15 K literature value).

2.2. Phase diagram studies

The phase diagram of 2-NAN-2-NAPH system was studied by the thaw melt method.[12]
The components were weighed in clean glass tubes in order to make mixtures of different
compositions to an accuracy of £0.1 mg. Each glass tube was sealed in order to prevent the
evaporation of the components and allowed to melt in a paraffin oil bath at a temperature
slightly higher than the melting temperature of the components, shaken well and then chilled
in ice cold water. Melting and chilling was repeated several times in order to have homoge-
neous mixtures. The solidified masses removed from the tubes were crushed into fine powders
and their thaw and melting temperatures were recorded by using mercury thermometer. The
composition, thaw and melting temperatures are given in Table 1.

2.3. Undercooling measurements

The undercooling measurements of various mixtures were made by the method described
by Rastogi and Verma.[13] Accurate amounts of 2-NAN, 2-NAPH, and mixtures of differ-
ent mole fraction were taken in clean glass tubes; the glass tubes were sealed and immersed
in a paraffin oil bath maintained at a temperature slightly above their melting points. The
heating was stopped on complete melting, and the bath was allowed to cool at a controlled
rate. The formation of the first crystallite in the molten liquid was noticed by a magnifying
glass. The difference between the true melting temperature and the temperature at which the
first crystallite appeared gave the value of the undercooling temperature. The undercooling
temperatures for different mixtures were recorded and are given in Table 1.

2.4. Linear velocity of crystallization

Linear velocity of crystallization for the pure components 2-NAN, 2-NAPH and eutectic were
determined by the method described by Rastogi and Bassi.[12] The measurements were done
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Table 2. Values of linear velocity of crystallization of o-NAN —B-NAPHbinary eutecticsystem at different
undercooling (AT).

Components k(mms~TK™) n

0-NAN —2.9753 (£0.0079) 0.1987 (4-0.0029)
B-NAPH —3.0575 (+0.024) 0.611(+0.0088)
Eutectic — 3.2206 (£0.0026) 0.1083 (£0.0009)
Eutectic (mixture law) —3.1930 (40.0454) 0.5045 (+0.0166)

in a cleaned U-shaped Pyrex glass tube of length 9 cm and diameter 0.5cm. The tube was filled
with a solid material and kept in an oil thermostat at a temperature slightly above their melt-
ing temperatures. The linear velocities of solidification of components and eutectic mixture
were determined at different undercooling by adding a seed crystal of the same compound
through one side of the tube. After adding the seed crystal, nucleation followed by crystal-
lization started. The length of the crystallized portion was measured as a function of time.
Time required for crystallization for a definite length of the tube in the horizontal portion
was recorded.

2.5. Microstructural studies

A small amount of fine powders of the two reactants, 2-NAN, 2-NAPH and Eutectic mixture
were placed on separate glass slides, which were then kept in a dust-free container and heated
in an oven at a temperature slightly above their melting temperatures, where the materials
melted. The melts were crystallized by moving separate glass cover slips carefully over them
in one direction. As a result, crystallization occurred and the microstructures were examined
under a microscope. The photographs were recorded with the help of an optical microscope
(OLYMPUS Chi 20) at a magnification of 10x. Microstructural studies were also made in the
presence of impurities.

2.6. Modulus of rupture measurement

The modules of rupture of the samples were measured by the method described earlier.[14]
The samples were melted in a uniform cylindrical glass tube at a temperature slightly higher
than their melting temperatures, and then experimental tube were dropped vertically into ice
bath maintained at ~0°C. After complete solidification of the sample, the glass tube was slowly
scrapped to give solid cylindrical shaped samples, made in a way similar to that as described
earlier.[8] The modulus of rupture o ¢ of the materials were calculated with the help of Eq. (1)

FiL
T aR3

(1)

O’fS

where Fyis the load at fracture, L is the length of the cylindrical sample and R is the specimen
radius. The strength values of pure components and the eutectic materials are given in Table 2.

2.7. Differential scanning calorimetric

Differential Scanning Calorimetric (DSC) studies of pure components, and eutectic mixture
were performed using TG-DSC instrument, NETZSCH STA 409. Powders of samples were
taken in alumina crucible with alumina lid and a blank crucible was taken as a reference.
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Figure 1. Temperature—composition diagram for 2NAN-2NAPH binary eutectic system: A, solidus temper-
ature; ¢, liquidus temperature; o, undercooling temperature.

The analysis was carried out in a nitrogen atmosphere from room temperature to 523 K at a
heating rate of 5 K min™'.

2.8. FT-IR spectral studies

FT-IR spectra of 2-NAN, 2-NAPH, Eutectic, were recorded with a FT-IR spectrophotometer
in KBr phase.

3. Result and discussion

3.1. Phase diagram

The phase diagram of the 2-NAN—2-NAPH system is shown in Fig. 1. The temperature com-
position curve shows that a simple eutectic (melting point = 326.85K) at 0.7222 mol fraction
of 2-NAN is formed. The eutectic point has two solid phases and a liquid phase in equilib-
rium. The undercooling curve was also constructed which is similar to the phase diagram
curve shown in Fig. 1.

3.2. Crystallization studies

The linear velocities of crystallization (v) of the pure components and the eutectic mixture at
different undercooling (A T), were found to obey the Hilling Turnbull Eq. 2.[15]

v=k(AT)" (2)

where v is the linear velocity of crystallization, AT is the degree of undercooling, k is the
kinetic coefficient and n is a crystallization parameter and depends on the solidification behav-
ior of the materials.
When log v is plotted against log (A T), straight lines (Fig. 2) showing the validity of Eq. (2)
are obtained. The values of k and n calculated from the lines are given in Table 2. The linear
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Figure 2. Verification of v=k (AT)" in 2NAN—2NAPH system; B, 2NAN; ¢, 2NAPH; A Eutectic; A, Eutectic;
(mix law).

velocity of crystallization (v) for the eutectic mixture was also calculated with help of mixture
law (Eq. (3)) and is given in Table 2 and Fig. 2.

V. = X1V1 + X0, (3)

where x; and x, are the mole fraction of components 2-NAN and 2-NAPH and, v,, v; and
v, are the linear velocities of crystallization of eutectic mixture and pure components 2-NAN
and 2-NAPH, respectively. It is found that at different undercoolings the linear velocities of
crystallization calculated from the mixture law (Eq. (3)) for the eutectic mixture are higher
than the experimental values (Fig. 2). It appears that in the eutectic mixture there may exist
some weak interaction or molecular association between 2-NAN and 2-NAPH. As a result,
the molecules of the components come closer and the eutectic mixture behaves like a bulky
molecule. Because of this the rate of crystallization of the eutectic mixture is lower than that
calculated by mixture law. The explanation for this could be given on the basis of Wingard
theory [16] for the solidification of eutectics. According to this theory, the eutectic solidifica-
tion begins with the formation of nucleus of one phase. This phase would grow until the sur-
rounding liquid become richer in the other component and reaches at a stage when the second
component starts nucleating. There are two possibilities of nucleation. The first possibility is
side-by-side growth of the two components and the other possibility is alternate nucleation of
the two initial crystals. In the first case, the rate of crystallization of eutectic materials is lower
than that of the pure components, while in the second case, the linear velocity of crystalliza-
tion of eutectic mixture is higher than that of any one of the two pure components. Therefore,
in the present case there is a possibility of side-by-side growth of the two pure components.

3.3. Thermal properties

The enthalpy of fusion of the pure components and eutectic mixture are measured by DSC
analysis (Fig. 3). The values of the enthalpies of fusion are represented in Table 3. If the solid
eutectic mixture behaves ideally, its enthalpy of fusion can be calculated using mixture law,

Eq. ():
(AfH) e mix law = (X1)e (AfH); + (x2) (AfH), (4)
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Figure 3. DSC curves of (a) 2-NAN, (b) Eutectic mixture and (c)2-NAPH.

Table 3. Values of enthalpy of fusion (A¢H), interaction energy, and Jackson’s Roughness parameter («) for
2-NAN-2-NAPH binary eutectic system.
AH (calculated by

A¢H (experimental) mixture law) Interaction energy Jackson's Roughness parameter («)
Component (kJ mol™) (kJ mol™) (k) mol™) £=05 £=10
o-NAN 19.25 - - 33 6.8
B-NAPH 19.43 - - 2.9 5.9
Eutectic 18.09 19.29 -12 33 6.7

where (X)), (X1), (x1), and (X;), (x,). are the mole fractions of the two components in the
eutectic mixture and. (A¢H); and (A¢H), are the enthalpies of fusion of the pure components
1 and 2, respectively.

In the process of melting of eutectic mixtures, some sort of mixing and association may
take place.[17,18] The enthalpy of fusion of eutectic mixture is related with enthalpy of mixing
(Hy,"), solid-liquid interfacial energy (o1sA) and a constant ¢, as given by Eq. (5).

(AHf)e = |i(AHf)e]mix.law + H’Zﬂ + ULSA +e (5)

where H! + o15A + ¢ is the total interaction energy which arises due to non-ideal nature of
the eutectic mixture. The total interaction energy (H., 4+ o1sA + ¢) for each system is calcu-
lated employing Eq. (5).

Enthalpy of fusion for eutectic mixture is given in Table 3. The interaction energies for
eutectic mixture is also calculated using Eq. (5) and are given in Table 3. There is difference in
the values of enthalpy of fusion of eutectic mixture obtained from DSC studies and the mix-
ture law value. This implies some sort of weak interaction between the components forming

eutectic mixture.



230 J. SINGH AND N. B. SINGH

: T - T T . . : v 58 - 18
0L
A ~m +-20
4 -0
P —A
L e —.3 =
w_ 1L " / £ - -223
[=] 4" o - E
E / A | 62 2
x S/ B ] * - -zg
o » 2 i . 2 <
- ]
2tk A /
p /
/ e - 64
o Y - -26
/ o9
-3 . 1 . ! . 1 . 1 . 66 J .28
0.0 0.2 0.4 06 0.8 1.0

X

2-NAN

Figure 4. Values AGE, AHE and ASF in 2NAN—2NAPH binary eutectic system:ll, AGE; », ASE; A, AHE.

3.4. Thermodynamic properties

Excess thermodynamic functions have been explored to understand the interaction between
the components in a mixture. Excess Gibbs free energy (AGF), excess entropy (ASF), and
excess enthalpy (AHF) are calculated in a similar way as reported earlier[3,5,8,10,11] and plot-
ted as a function of composition (Fig. 4)(Table 4). Values of AS* and AH® for entire range
of composition are negative which indicate the non-ideal nature of the system. AG® values
for pre-eutectic composition is negative, whereas positive for eutectic and post-eutectic com-
positions. This reveals that the pre-eutectic compositions are more stable than eutectic and
post-eutectic compositions.

3.5. Microstructural studies

The microstructural features in polyphase materials give shape, size and distribution of
phases. These features control the electrical, mechanical, optical and other properties of a
material. The microstructures (anisotropic) of 2-NAN, 2-NAPH and eutectic are given in
Fig. 5. The microstructures of 2-NAN and eutectic mixture (Fig. 5) show that crystallization
starts at a point and extends outside. On the other hand, the microstructure of 2-NAPH shows
a rock type structure with cracks. Different impurities (1.0 wt%) changed the microstructure
of eutectic mixture in a different way (Fig. 5). It appears that the presence of impurities of
different nature affect the crystallization behavior in different ways.

Microstructures obtained by isotropic crystallization are different to some extent than
the microstructures obtained by anisotropic crystallization (Fig. 6). It is possible that during
isotropic crystallization, there is a freedom of crystallization in all the directions. As a result,
the microstructures changed slightly.

The microstructures depend on various factors such as the nature and molecular struc-
ture of the components, interface contact angle between solid-liquid interface, concentration
gradient, diffusion, nucleation characteristics and kinetic equilibrium characteristics of the
two phases, chemical in homogeneities and type of defects present in stray crystals, voids and
the growth twins. Since these parameters are very difficult to know precisely therefore it is
not possible to predict the microstructure of the eutectic accurately. The growth morphology
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Figure 5. Anisotropic Microstructures: (a) o-nitroaniline (b) 8-Naphthol (c) Eutectic, (d) Eutectic with 1% p-
Chloranill, (e)Eutectic with 1% Benzoic acid, (f) Eutectic with 1% Naphthalene, (g) Eutectic with 1% Pyrogallol,
(h) Eutectic with 1% Phenothiazene.

developed by a eutectic system is governed by the growth characteristics of individual con-
stituent phases. Hunt and Jackson [19] were able to predict the structure of the solid-liquid
interface of a material in contact with its liquid with the help of the roughness parameter
(a-factor) of the eutectic system by using Eq. (6)

a='§ﬁ (6)
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Figure 6. Isotropic Microstructures: (a) o-nitroaniline, (b) 8 -napthol (c) Eutectic, (d) Eutectic with 1% p-
Chloranill, (e)Eutectic with 1% Benzoic acid, (f) Eutectic with 1% Naphthalene, (g) Eutectic with 1% Pyrogallol.

where & is a geometrical coefficient often called as crystallographic factor depending upon the
geometry of the molecules (§ lies between 0.5 and 1.0), AHy is heat of fusion and R is gas con-
stant and T is the temperature. The heats of fusion values were determined from DSC curves
(Fig. 6). The values of « for the two components and the eutectic mixture were calculated
by putting the & value equal to 0.5 and 1.0, respectively. Jackson and Hunt [20] reported that
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Table 5. Values of modulus of rupture of o-NAN —8-NAPH system.

Components Modulus of Rupture (MPa)
o-NAN 3.05£0.01
B-NAPH 1.96 + 0.06
Eutectic 3.86 + 0.02

for o > 2, the solid/liquid interface is atomically smooth and the crystal develops a faceted
morphology with an irregular structure. In the present case of 2-NAN, 2-NAPH and eutectic
mixture the values of o are greater than 2 (Table 3) and hence show faceted morphology with
an irregular structure.

3.6. Mechanical strength

Values of modulus of rupture for the systems are given in Table 5. In 2-NAN -2-NAPH system,
the results on modulus of rupture show that the flexural strength is experimentally negligible.
This may be due to breaking of the cylindrical sample during isotropic growth. The flexural
strength of the eutectic material was found to be 3.86 MPa which is higher than the flexu-
ral strength of components. This clearly indicates that alignments of components in eutectic
composites are more ordered leading to high flexural strength.

3.7. FT-IR spectral studies

FT-IR spectral studies revealed the presence of weak interaction between the components
in the eutectic mixture. Spectra of 2-NAN showed two sharp peaks at 3474 and 3346 cm™!
which was due to the stretching frequency of -N-H of amino group and peaks at 1566 and
1344 cm™! were due to asymmetric stretching frequency and symmetric stretching frequency
of -NO, group, respectively.[21] In the FT-IR spectra of pure 2-NAPH, a small peak appeared
at3501 cm ™! due to ~-OH group.[21] Spectra of 2-NAN -2-NAPH eutectic showed the shifting
of the symmetric stretching frequencies of ~OH group to lower frequency (3439 cm™ from
3501 cm™). Furthermore, the two peaks at 1566 and 1344 cm ™! shifted to lower frequencies.
This indicated the presence of weak hydrogen bonding between H atom of ~-OH group of
2-NAPH and O atom of -NO, group of 2-NAN.

4, Conclusion

Phase diagram studies of 2-NAN—2-NAPH showed the formation of eutectic at X, nan =
0.7222. Linear velocities of crystallization and thermodynamic parameters indicated that the
eutectic mixture is non-ideal in nature and crystallization occurred by side-by-side nucleation
of the components. Microstructural studies showed faceted morphology with an irregular
structure.
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