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g r a p h i c a l a b s t r a c t
� Surface modification of montmoril-
lonite was carried out with p-
phenylenediamine.

� Aromatic polyamide with carbonyl
chloride chain ends was synthesized.

� Compatibility between the clay and
polyamide was achieved by surface
modification of MMT.

� TEM micrographs confirmed suc-
cessful fabrication of the
nanocomposites.

� Results indicated the improvements
in thermal and mechanical profile of
the materials.
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a b s t r a c t

Aromatic polyamide/organoclay nanocomposites were synthesized using the solution blending tech-
nique. Treatment of montmorillonite clay with p-phenylenediamine produced reactive organophilic clay
for good compatibility with the matrix. Polyamide chains were prepared by condensing a mixture of 1,4-
phenylenediamine and 4-40-oxydianiline with isophthaloyl chloride under anhydrous conditions. These
chains were end capped with carbonyl chloride using 1% extra acid chloride near the end of reaction to
develop the interactions with organoclay. The dispersion and structureeproperty relationship were
monitored using FTIR, XRD, FE-SEM, TEM, DSC and tensile testing of the thin films. The structural in-
vestigations confirmed the formation of delaminated and disordered intercalated morphology with
nanoclay loadings. This morphology of the nanocomposites resulted in their enhanced mechanical
properties. The tensile behavior and glass transition temperature significantly augmented with
increasing organoclay content showing a greater interaction between the two disparate phases.

© 2014 Elsevier B.V. All rights reserved.
: þ92 51 90642241.
: þ92 51 90855552.
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1. Introduction

Polymeric composites are extensively employed in a variety of
applications involving construction, transportation and electronics.
The properties of these materials are strongly influenced by the
size, shape, dimension, volume fraction and microstructure of the
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reinforcing phase. The true polymer/clay nanocomposites can be
traced back to the work of Toyota group on the exfoliation of clay
platelets in the polyamide-6 matrix [1e3]. These materials
demonstrated a substantial improvement of many engineering
properties by reinforcing polyamides with clay on the nanometer
scale [4,5]. Tensile modulus of polyamide-6 was increased two folds
by addition of 5e6 wt. % nanolayers relative to glass fibers whereas,
three times this amount of glass fibers required to achieve the same
increase [6,7]. The first commercial relevance of these nano-
composites was the development of timing belt covers for Toyota
cars and later on, these polyamide-6/clay nanocomposites were
used as engine covers [8,9]. Polyamide-6,6/clay nanocomposites
were prepared by the compoundingmethod [10]. TEMmicrographs
revealed an exfoliated morphology of the materials and
tensile strength increased from 75 (polyamide-6,6) to 81 MPa up to
1.6-wt. % clay content. Polyamide-6,6/clay nanocomposites have
also been fabricated using clay co-intercalated with quaternary
ammonium salt and epoxy resin [11]. The exfoliation was
confirmed using XRD and TEM with improvement properties.
These nanocomposites containing 5-wt. % clay showed improve-
ments in tensile strength from 78 (polyamide-6,6) to 98 MPa,
notched Izod strength from 96 to 146 Jm�1, and HDT from 75 to
164 �C. Wu et al. reported exfoliated polyamide-10,12 obtained by
condensation polymerization with increased strength and gas
barrier properties [12]. Liu and coworkers reported the preparation
of exfoliated polyamide-11/clay nanocomposites with excellent
mechanical and thermal properties [13], while polyamide-12/clay
hybrid materials were developed for automotive fuel lines and
fuel system components.

The improvement has important implications since lower filler
content render into low density materials needed for much rele-
vance, especially in aerospace and transportation. In space shuttle,
such low density materials give extra-advantage over the space
machinery made up of conventional materials. In automobile,
where fuel efficiency is important these materials again have
promising benefits over the common materials. Additionally,
aliphatic polyamide/clay composites have been used to improve
barrier resistance in beverage and packaging applications.
Aliphatic-aromatic polyamide (Nylon MXD6) prepared from m-
xylylenediamine and adipic acid, has a high gas barrier property
compared with polyamide-6 or polyamide-6,6. Nylon MXD6-clay
nanocomposites demonstrated exfoliated morphology with high
gas barrier properties [14] and these nanocomposites are suitable
for drink bottles. Multi-layer PET/MXD6-clay nanocomposite bottle
has a shelf life seven times as long as a PET bottle and three times as
long as a multi-layer PET/MXD6 bottle. This development has been
extended to other engineering polymers including aliphatic poly-
amides [15,16], polystyrene [17e19], polymethylmethacrylate [20],
polyacrylate [21], polycarbonate [22], epoxies [23e25], polysulfone
[26], polyurethane [27], polyaniline [28], aromatic polyamides
[29,30] and polyimides [31,32]. The aliphatic polyamides/clay
nanocomposites have thoroughly been studied but aromatic poly-
amides have not been paid much attention in this area.

Aromatic polyamides are recognized for their outstanding
properties in terms of thermal stability, mechanical properties,
high glass temperature and good resistance to solvents. Owning to
their high performance and superb properties, aromatic poly-
amides [33e36] and their composites [33] are frequently exploited
for defense and aerospace applications. However, these polymers
suffer solubility problems as matrices for organoclay nano-
composites and difficult to process due to their infusibility and poor
solubility in organic solvents. To make them more tractable and
soluble for advanced applications is to lower the glass transition
temperature (Tg) and softening point (Ts) by the incorporation of
flexible, bulky substituents as pendent groups or using meta
linkages along the backbone of such polymers. These groups
enhance the solubility, processability and toughness of the poly-
mers without sacrificing their thermal properties. Nowadays, clay
nanocomposites, especially based on polyamides along with other
[37,38] have attracted much attention because these hybrids have
tremendous applications in coating, flame retarding, barrier and
electronic materials [39e42].

Keeping in view the importance of the nanocomposites, a sol-
uble aromatic polyamide was prepared by the reaction of diamines
(p-phenylenediamine and 4,40-oxydianiline) with isophthaloyl
chloride using N,N-dimethylacetamide as solvent. These polymer
chains were endcapped with carbonyl chloride groups using a
slight excess of the acid chloride. Montmorillonite clay was modi-
fied with the ammonium salt of p-phenylenediamine. The amine
end group of swelling agent was changed into cations to interact
chemically with the negatively charged silicate layers while free
amine end group reacted with the acid chloride groups of the
polyamide chains diffused into the space between nanolayers. The
compatibility between the two phases was achieved through
swelling agent thus rendering more permanent effect due to the
larger number of polyamide chains connected to the organoclay.
Thin nanocomposite films obtained by evaporation of the solvent
were characterized using FTIR, XRD, SEM, TEM, DSC and tensile
testing.

2. Experimental

2.1. Materials

1,4-phenylenediamine � 99%, 4,40-oxydianiline � 98%, iso-
phthaloyl chloride�98%, triethylamine�99% and hydrochloric acid
>99% were obtained from Fluka and used as such. N,N-
dimethylacetamide (DMAc) > 99%, silver nitrate > 99% and mont-
morillonite (MMT) K-10 (cation exchange capacity 119 meq/100 g)
having chemical composition SiO2 (43.77%), Al2O3 (18.57%), CaO
(1.02%), Na2O (1.13%) and H2O (36.09%) [43] were obtained from
Aldrich and used as received.

2.2. Synthesis of polyamide matrix

A mixture of 1,4-phenylenediamine and 4-40-oxydianiline was
placed in the reaction flask along with the addition of DMAc as a
solvent under an inert atmosphere. To the above amine solution, a
stoichiometric amount of isophthaloyl chloride was added to the
flask under anhydrous conditions. The contents of the flask were
cooled below 0 �C to avoid any side reaction due to exothermicity of
the polymerization reaction and then it was allowed to come to
ambient temperature after 1 h. The reaction between diamines and
diacid chloride is fast; even then the reaction mixture was agitated
for 24 h for its completion [35]. A stoichiometric amount of trie-
thylamine was used to remove HCl produced as precipitates. The
polyamide resin obtained was golden yellow in color (Scheme 1). In
order to create interactions between aromatic polyamide and
nanoclay, the aromatic polyamide chains were end capped with
carbonyl chloride groups using 1% extra diacid chloride at a later
stage.

2.3. Preparation of organically modified montmorillonite (OMMT)

Montmorillonite was organically modified by ion exchange
method in aqueous medium using p-phenylenediamine. The
swelling agentwas placed in a beaker containingwater, followed by
the addition of stoichiometric amount of concentrated hydrochloric
acid. The solution was heated at 80 �C. In a separate beaker, MMT
was dispersed in water at 80 �C and then mixed with ammonium



Scheme 1. Schematic representation for the formation of carbonyl chloride end-capped polyamide chains and polyamide/OMMT nanocomposites.
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salt of p-phenylenediamine with vigorous stirring for 3 h at 60 �C.
The precipitates were isolated by filtration and were washed with
hot water and filtered again. This process was repeated thrice to
remove the residual amount of swelling agent. The filtrate was
titrated with AgNO3 until there were no AgCl precipitates to ensure
a complete removal of chloride ions. The final product obtained by
filtration was dried in a vacuum oven at 80 �C for 24 h. The dried
cake was grounded to fine powder and exploited for the prepara-
tion of nanocomposites.

2.4. Preparation of nanocomposite films

For the preparation of nanocomposites, a measured amount of
polyamide solution was transferred to flask and then a known
quantity of nanoclay was added for a particular concentration
(Scheme 1). The mixture was agitated at a high speed for 24 h at
room temperature for homogeneous dispersion of nanolayers in
the polymer matrix. Similarly the nanocomposites with varying
concentrations (2e10 wt. %) were prepared by mixing different
amounts of clay to the polyamide solution. Hybrid films of uniform
thickness were obtained by pouring the above prepared concen-
trations into petri dishes placed on a leveled surface. The solvent
was evaporated and thin films obtained were further dried at 60 �C
under vacuum to a constant weight.

2.5. Characterization

The synthesized polyamide matrix, neat MMT, OMMT and thin
films of nanocomposites were analyzed using Excalibur series
Thermo Nicolet 6700 FTIR spectrophotometer, over the range of
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4000e500 cm�1. Inherent viscosity (hinh) wasmeasured in DMAc at
30 �C with an Ubbelohde viscometer using polymer concentration
of 0.5 g dL�1. The diffraction pattern of the related materials was
recorded with the help of X-ray diffractrometer 3040/60 XPert PRO
PAN analytical in reflection mode (radiation
wavelength ¼ 0.154 nm) with scanning angle range 2q ¼ 2� to 10�.
For phase morphological studies, composite films were cryogeni-
cally fractured in liquid nitrogen and themorphology was observed
with the help of FEI Nova 230 field emission scanning electron
microscope whereas the internal morphology of ultramicrotomed
samples was investigated using FEI Tecnai G2 Spirit Twin trans-
mission electron microscope, operated at an accelerating voltage of
120 kV. Mechanical properties of the rectangular strips with di-
mensions (ca. 14 � 5.0e7.4 � 0.20e0.39 mm3) were measured
according to DIN procedure 53455 at 25 �C using Testometric
Universal Testing Machine M350/500. To determine various me-
chanical properties, standard procedures and formulae were used
and an average value obtained from 5 to 7 different measurements
in each case has been reported. The glass transition temperatures of
nanocomposites were characterized using a NETZSCH DSC 204 F1
differential scanning calorimeter using 5e10 mg of samples
encapsulated in aluminium pans and heated at a ramp rate of
10 �C min�1 under nitrogen atmosphere.

3. Results and discussion

Inherent viscosity of polyamide measured at a concentration of
0.05 g dL�1 in DMAc at 30 �Cwas 1.01 dL g�1 hinh, as a good criterion
for the assessment of molecular weight, revealed reasonably high
molecular weight of the synthesized polyamide relative to the re-
ported values for other aromatic polyamides [44]. Pristine aromatic
polyamide film was transparent and golden yellow in color. This
color was changed to black upon the addition of organoclay. Thin
films (0.20e0.39 mm ± 0.02) prepared from polyamide containing
up to 10-wt. % organoclay were black in color, transparent at low
concentrations of organoclay and the films containing 10-wt. % clay
content were semitransparent. Various techniques employed for
the characterization of these nanocomposite materials are
described below.
Fig. 1. FTIR spectra of pure polyamide, MMT, OMMT and poly
3.1. FTIR analysis

IR spectra of pure polyamide matrix, neat MMT, OMMT and
nanocomposite film in both lowest and highest wave numbers are
represented in Figs. 1 and 2 respectively. The NeH stretching and
bending vibrations appeared at 3245 cm�1 and 1607 cm�1. The
aromatic CeH stretching at 3061 cm�1 while aromatic C]C
stretching vibrations at 1539 cm�1 and 1495 cm�1 were also
observed. The C]O stretching of polyamide appeared at 1644 cm�1

and broadening of the band showed the C]O in different envi-
ronments, i.e., amide C]O, both free and combined. The bands at
1214 cm�1 and 1075 cm�1 described the CeOeC asymmetric and
symmetric stretching. Montmorillonite gave most intense band at
1015 cm�1 corresponding to SieO stretching of silicate layers
whereas bands at 3625 cm�1 and 796 cm�1 assigned to the
stretching and bending vibrations of OeH group confirming the
presence of hydroxyl groups attached on clay layers. The bands at
3366 cm�1 and 1632 cm�1 attributed to OeH stretching and
bending of water molecules adsorbed in interlayer spacing of clay.

Organically modified montmorillonite gave two additional
bands at 3012 cm�1 and 1515 cm�1 representing the aromatic CeH
stretching and NeH bending of aromatic diamine, thus verifying
the intercalation of clay layers with aromatic diamine. Nano-
composite films showed characteristic bands of both matrix and
the reinforcement i.e., bands at 3245 cm�1 and 1607 cm�1 desig-
nated to the NeH stretching and bending while the stretching vi-
brations due to aromatic CeH and C]C appeared at 3051 cm�1,
1539 cm�1 and 1496 cm�1 respectively for polyamide matrix. The
bands at 1645 cm�1 for C]O and at 1232 cm�1 and 1080 cm�1 for
CeOeC asymmetric and symmetric stretching were also observed.
A stretching vibration at 1012 cm�1 for SieO confirmed the pres-
ence of silicate layers in the nanocomposites.

3.2. X-ray diffraction

Dispersion of the OMMT in the polyamide matrix was scruti-
nized by XRD patterns taken at low 2q region and the data are
shown in Fig. 3. The pure MMTgave a (001) reflection at 2q¼ 8.82�,
whichmatched to a basal spacing of 1.0 nm. The OMMT used for the
amide/OMMT nanocomposites at lowest wave number.



Fig. 2. FTIR spectra of pure polyamide, MMT, OMMT and polyamide/OMMT nanocomposites at highest wave number.
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production of nanocomposites indicated a shift in (001) reflection
towards lower angle at 2q¼ 5.98� (d¼ 1.476 nm). This increase in d-
spacing was due to the replacement of small sized Naþ ions with
large sized cationic aromatic diamine confirming the intercalation
of clay. In the nanocomposites containing 2e10 wt. % OMMT, the
peak appearing at 2q ¼ 5.98� (d ¼ 1.476 nm) was gone indicating
dispersion of ordered platelets of nanolayers and authenticated
delamination of OMMT in the polyamide matrix (Fig. 3). However,
XRD results provide incomplete information about the extent of
dispersion and contain no peak regarding nanoclay delamination.
Fig. 3. XRD patterns of pure MMT, OMMT a
Dispersion of clay in the composites depends on the type of
intercalating agent and its subsequent interaction with the matrix.
The cationic end of swelling agent interacted with silicate layers
through electrostatic forces and other free amine group develops
interactions with carbonyl chloride end-capped polyamide chains
diffused into the interlayer of OMMT. These interactions result a
finite interlayer expansion of clay when polyamide chains inter-
calated between the nanolayers. Thus, polyamide's transitional
entropy increases while its conformational entropy decreases, but
simultaneously, OMMT gains conformational entropy. The fine
nd polyamide/OMMT nanocomposites.
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dispersion of nanolayers depends on both entropic and enthalpic
contributions of the system, which are related to the properties of
polymer and modified clay. Polyamide being a polar polymer made
the enthalpic translation between the polymer and OMMT much
easier so that the chains of polyamide intercalated between the
nanolayers of clay.

3.3. Morphological studies

Field emission scanning electron microscopy provides infor-
mation about the surface morphology of the materials and FESEM
micrographs of nanocomposite films with 2 and 6-wt. % of clay in
polyamide matrix are shown in Fig. 4. The morphology indicated a
good dispersion of the clay layers in the whole polyamide matrix
without agglomeration to any one place. So, the results supported
the idea of changing the nature of the clay from hydrophilic to
organophilic for better dispersion in order to get nanocomposites
rather than conventional composites. The interlayer spacing of
silicate layers in the original clay and in the polymer-organoclay
nanocomposites were determined conventionally by XRD.

On the other hand, internal morphology of the nanocomposites
was observed by using TEM. It allows a qualitative understanding of
the internal structure through direct observations. Fine dispersion
of nanolayers in the polyamide/OMMT nanocomposites can be seen
more clearly through TEM micrographs as given in Fig. 5. The dark
lines of micrograph are usual 1 nm thick clay layers; the spaces
between the dark lines are interlayer spaces and a gray base is the
Fig. 4. FESEM micrographs of polyamide/OMMT na
polyamide matrix. Polyamide/OMMT nanocomposites containing
low clay content showed good dispersion in the polymer matrix
(Fig. 5(a)) giving delaminated morphology. With the addition of
6-wt. % OMMT in the composites, clay dispersed well in the matrix
as depicted from Fig. 5(c) beyond agglomeration may start that
deteriorate the properties of the nanocomposites. These images
showed intercalation of clay because small sized Naþ ion
exchanged with large sized cationic p-phenylenediamine, as a
result of which distance between clay stacking had increased and
insertion of polyamide chains occurred in between clay nanolayers
along with some disturbance in the layered structure of clay. These
results are in perfect agreement with results of XRD analysis as
shown in Fig. 3.

3.4. Tensile testing

Mechanical properties of the nanocomposites indicate how the
material would respond to forces, being applied in tension.
Stressestrain curves and the related mechanical properties of
nanocomposites containing different percentages of OMMT are
given in Fig. 6 and Table 1. The data indicate that tensile strength of
the composite materials enhances with increasing organoclay
content. The value obtained for pure polyamide was 42 MPa, which
improved to 89 MPa for the nanocomposites containing 6-wt. %
clay. The tensile moduli for pristine polyamide obtained from the
stressestrain data had a value of 2.54 GPa that increased to a
maximum value 3.95 GPa with 6-wt. % organoclay and then it
nocomposites (a & b) 2-wt. % (c & d) 6-wt. %.



Fig. 5. TEM micrographs of polyamide/OMMT nanocomposites (a & b) 2-wt. % (c & d) 6-wt. %.

Fig. 6. Stressestrain curves of polyamide/OMMT nanocomposites.
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deceased. The elongation at break point and toughness initially
increased and then decreased with the addition of higher amount
of OMMT. These results revealed improvements in the mechanical
properties of the nanocomposites as compared to pristine poly-
amide, because when nanolayers were introduced in small
amounts, these distributed themselves in the form of fine platelets
and the stress was more efficiently transferred from the matrix to
the reinforcement via strong interactions between the polyamide
and OMMT. However, when concentration of inorganic reinforce-
ment increased beyond certain limit, then phase separation
occurred which resulted in poor interfacial interactions between
Table 1
Mechanical data of polyamide/OMMT nanocomposites.

Clay loading
(%)

Max. Stress
(MPa)

Max. Strain
(%)

Toughness
(MPa)

Young's modulus
(GPa)

0 42 ± 0.98 11 ± 0.03 361 ± 0.3 2.54 ± 0.01
2 42 ± 1.0 11 ± 0.03 427 ± 0.2 2.75 ± 0.02
4 60 ± 0.74 20 ± 0.01 1120 ± 0.1 3.59 ± 0,03
6 89 ± 0.65 24 ± 0.02 1794 ± 0.1 3.95 ± 0.02
8 51 ± 1.02 12 ± 0.02 520 ± 0.2 2.97 ± 0.01
10 46 ± 1.01 11 ± 0.01 409 ± 0.4 2.37 ± 0.03



Fig. 7. Variation of glass transition temperatures as a function of clay loading in the
nanocomposites.
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the two disparate phases. This non homogeneous distribution of
the nanolayers in the matrix increased the number of defects or
flaws in the material and was responsible for brittleness and
deterioration in the mechanical properties of nanocomposites.

3.5. Differential scanning calorimetry

Polymers usually act as glassy solids below their glass transition
temperatures with no segmental mobility. Polymer passed through
glassy to rubbery region when heated. This transition is actually
known as the glass transition temperature and can be followed by
differential scanning calorimetry (DSC). The glass transition data is
presented in Fig. 7. These results described an increase in the Tg
values with increasing organoclay content, which showed a greater
interaction of the two disparate phases. The maximum increase in
the Tg value (137 �C) was observed with 6-wt. % addition of orga-
noclay than the pure polyamide (131 �C) and then decreased with
higher content of the clay. Organoclay reduced the segmental
motion of the polymer chains andwith increasing proportion of the
inorganic phase shifted Tg towards higher temperature. This
implied that polyamide chains linked with OMMT. Therefore, the
motion of polymer chains was restricted at higher OMMT concen-
trations raising the Tg values of the nanocomposites. These in-
creases relative to pure polyamide were due to the intercalation of
the polymer chains into the interlayer of OMMT suppressing the
mobility of polymer segments near the interface. The rigid amor-
phous component of the nanocomposites increases with aug-
menting OMMT content, thereby, reducing the segmental mobility
significantly. In this way, chains immobilization takes place when
they are intercalated between the nanolayers shifting the Tg to-
wards higher temperature [45].

4. Conclusions

The incorporation of organoclay reinforced the polyamide ma-
trix, describing ample compatibility between the two phases.
Chemical interaction produced among the composite components
resulted in uniformly dispersed OMMT throughout the matrix. At
6-wt. % OMMT loading, the distribution of clay platelets was opti-
mum thus yielding increased mechanical profile of these materials.
At 8-wt. % clay loading and beyond, it might be existed in the form
of clusters that had less cohesion with polyamide and adversely
affected the mechanical properties. At higher concentration of clay,
the layers might be stacked together, impeding further inclusion of
the chains between the layers, thus degrading the properties of
composites. The glass transition temperatures of nanocomposites
were also improved with the addition of the clay content in the
polyamide matrix.
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