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ABSTRACT: The structure and mechanical properties
of clay modified with ethylene vinyl acetate copolymer in
the presence of ethylene glycidyl methacrylate (EGMA)
were investigated as a function of compatibilizer and clay
contents. The structure and properties were determined
by X-ray diffraction, transmission electron microscopy,
differential scanning calorimetry, and thermogravimetric
analysis (TGA). The presence of EGMA caused strong
exfoliation of the clay in the polymer matrix, although
at higher clay contents, some clay layers still existed.
The more effective exfoliation, however, did not seem to

substantially influence the tensile properties of the nano-
composites because the EGMA itself had a much stronger
influence, which overshadowed any possible influence
that the EGMA–clay interaction may have had on these
properties. The thermal stability of the nanocomposites
(as studied by TGA) improved in the presence of
EGMA. � 2006 Wiley Periodicals, Inc. J Appl Polym Sci 103:
4095–4101, 2007
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INTRODUCTION

Nanocomposites are a new class of composites deri-
ved from ultrafine inorganic particles, with dimen-
sions typically in the range 1–1000 nm, that are
homogeneously dispersed in the polymer matrix.1

Recently, these kinds of materials have received the
attention of government, academic, and industrial
researchers because of their outstanding properties.
These polymer layered silicate nanocomposites can
attain a certain degree of stiffness, strength, and
barrier properties with a far lower ceramic content
than comparable glass or general inorganic-reinforced
polymers.2 Polymer–clay nanocomposites were first
reported in the literature as early as 1961, when
Blumstein3 demonstrated the polymerization of vinyl
monomers intercalated into montmorillonite clay.
Different methods for preparing polymer–clay nano-
composites were developed by several groups.4–6

In general, these methods achieve molecular-level

incorporation of the layered silicate (e.g., montmoril-
lonite) into the polymer by the addition of a modified
silicate during the polymerization (in situ method) to
either the solvent-swollen polymer or the polymer
melt.7–9

There are four methods for making nanocom-
posites: exfoliation–adsorption, in situ intercalative
polymerization, melt intercalation, and template syn-
thesis.10 Melt intercalation of polymers has proven
to be a more efficient and environmentally benign al-
ternative to other methods.11 When polymer–clay
nanocomposites are prepared via either in situ poly-
merization or direct intercalation, a very specific
temperature is needed in the processing.12,13 If the
processing temperature is higher than the thermal
stability of the organic modifier, decomposition of
the organic treatment is meaningful in the process of
making polymer–clay nanocomposites.14–16

Direct dispersion of the organoclay in the molten
polymer with an extruder is the most appropriate
technique for the industrial preparation of polymer
layered silicate nanocomposites. Two classes are
universally accepted: intercalated nanocomposites,
where the polymer chains are intercalated in the gal-
leries, and delaminated or exfoliated nanocomposites,
where the delaminated silicate is uniformly dis-
persed in the matrix. The aspect ratio and dispersion
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attain very high values in delaminated nanocompo-
sites. Lamellar aspect ratios ranging from 100 to 1000
result in polymers with high rigidity and heat stabil-
ity, reduced gas permeability, and good transparency
with as little as 5–10% silicate. A number of studies
have been performed to investigate the influence of
nanosized organoclay on the thermal stability and
flammability properties of ethylene vinyl acetate co-
polymer (EVA) and EVA blends.17–23 It has generally
been found that the presence of nanoclay improves
the thermooxidative stability and flammability be-
havior of EVA and its blends with other polymers.

There have been a few studies on the morphology
and mechanical properties of EVA-based nanocom-
posites. Chaudhary et al.24 found that a higher vinyl
acetate (VA) content in EVA improved the polymer–
clay interaction, which gave rise to an increase in the
rigid amorphous phase and significantly changed
the mechanical properties of the nanocomposites.
Gupta et al.25 found predominantly exfoliated mor-
phologies for nanocomposites of EVA with organi-
cally modified bentonite clay. Zhang et al.26 investi-
gated nanocomposites containing EVA with different
VA contents and different kinds of organophilic and
unfunctionalized clays. They proposed a new struc-
ture, the wedged structure, where the sheets of clay
were partly wedged by the chains of the polymer, in
addition to the intercalated and exfoliated structures.

EXPERIMENTAL

Materials

EVA

EVA with 9% VA content was supplied by Plastamid
(Elsies River, South Africa). According to the sup-
plier, it had a melting point of 958C, a density of
0.930 g/cm3, a tensile strength of 19.0 MPa, and an
elongation at break of 750%.

Ethylene glycidyl methacrylate (EGMA)

EGMA was also supplied by Plastamid. According
to the supplier, it had a melting point of 938C, a den-
sity of 0.94 g/cm3, a tensile strength of 12 MPa, and
an elongation at break of 440%.

Modified clay

Cloisite 15A clay (ditallow dimethylammonium salts
of bentonite), supplied by Southern Clay Products
(Texas), was used as reinforcement. The as received
clay particles were disklike stacks of thin silicate
layers that were 1 nm thick and ranged in diameter
from 100 nm to several micrometers. The specific
gravity of the clay particles (stacks) was 1.6–1.8 g/cm3.

According to the supplier, the organic modifier would
decompose at temperatures in excess of 2008C.

Preparation of the nanocomposites

EVA and clay were melt-blended at 1608C with a
Brabender mixer and extruder (Duisburg, Germany).
EVA was first completely melted, and then, the clay
was slowly added. The nanocomposites were ini-
tially mixed at 60 rpm for 20 min, after which they
were extruded as films with thicknesses between 0.4
and 0.5 mm at a screw speed of 30 rpm.

Characterization of the samples

X-ray diffraction (XRD)

The degree of intercalation or exfoliation was
evaluated with X-ray diffractometry. XRD patterns
of the nanocomposite samples were obtained with
a D8 Advance X-ray diffractometer with Cu Ka
radiation (l ¼ 1.5406 Å; Bruker-AXS, Madison, WI).
The detector was a Na-I scintillation counter with a
monochromator.

Fourier transform infrared spectroscopy

Fourier transform infrared spectra were obtained
with a Nicolet Impact 410 spectrometer (Waltham,
MA), which operated from 4000 to 400 cm�1 at room
temperature.

Transmission electron microscopy (TEM)

The TEM analyses were conducted on a Jeol JEM-100CX
II electron microscope (Tokyo, Japan). A MT6000 Sor-
vall microtome was used to cut thin sections (<100 nm
thick) of the samples at room temperature.

Tensile testing

A Hounsfield (H5KS) universal testing machine (Red-
hill, England) was used to investigate the tensile
strength, tensile modulus, and elongation properties of
the nanocomposites. Samples measuring 150 � 15 �
0.45 mm were cut for tensile testing. The specimens
were analyzed at a crosshead speed of 10 mm/min. A
continuous load-deflection curve was obtained. In each
case, 10 sampleswere used, and the averagewas taken.

Thermogravimetric analysis (TGA)

TGAwas performed on a PerkinElmer TGA 7 thermog-
ravimetric analyzer (Wellesley, MA). The experiments
were carried out from 30 to 6008C at a heating rate of
108C/min. The experiments were performed under a
nitrogen atmosphere at a flow rate of 20mL/min.
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RESULTS AND DISCUSSION

The XRD patterns of the modified clay and the
EVA–clay nanocomposites are presented in Figure
1(a). The (001) peak positions in the figure show that
the basal spacing of the 99 : 1 w/w EVA–clay nano-
composite was slightly higher than those of the
modified clay and the other nanocomposites. All of
the nanocomposites had larger basal spacings than
the modified clay. Figure 1(a) shows a continuous
increase in peak intensity of the 2y ¼ 2.38 peak with
increasing clay content, and there was an almost

linear relationship between the peak intensity and
the clay content. From these observations, it seemed
as if all of the nanocomposites were (partially) inter-
calated. Figure 1(b–e) shows that at all EGMA con-
centrations, there was complete exfoliation of the
samples containing 2% clay, whereas the samples
containing 5% clay showed a very weak (001) peak
at 2y ¼ 2.48, which corresponded to a basal spacing
of 36.78 Å; this indicated the presence of some inter-
calated layers. For low-clay-content samples, there
was complete exfoliation, whereas a mixed interca-

Figure 1 XRD patterns of the modified clay and EVA–clay nanocomposites with (a) 0, (b) 5, (c) 10, (d) 15, and (e) 20%
EGMA.
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lated and exfoliated morphology existed at higher
clay contents, as shown in the TEM micrographs in
Figure 2. The exfoliation was very obvious, but it
was also clear that there were stacks where the clay
platelets were not completely dispersed, which indi-
cated a mixed morphology at this clay loading. It
did not seem as if increased amounts of EGMA
improved the exfoliation of the clay in the matrix.
As discussed later, the presence of EGMA, however,
had a detrimental effect on the tensile properties of
the nanocomposites.

Initially, it was thought that EVA may react with
EGMA, giving a product that more strongly interacts
with the modified clay. Work done by Dikobe and
Luyt,27 however, showed that EVA and EGMA
do not react with each other. EVA and EGMA are,
however, very miscible (according to differential
scanning calorimetry curves not presented). Because
of the lone electron pair on the epoxy oxygen in

EGMA [Fig. 3(a)], EGMA is attracted by positive or
partially positive charges. It will, for example, extract
hydrogen from an ��OH group. In this system,
therefore, the positive charge on the quaternary am-
monium of the modified clay [Fig. 3(b)] probably
strongly attracted the epoxy oxygen. This caused a
much stronger interaction between the EVA/EGMA
matrix and the clay.

The tensile modulus of the EVA/EGMA–clay nano-
composites is shown in Figure 4 as a function of the
EGMA and clay contents, respectively. Clearly, both
EGMA and modified clay caused the modulus to
increase. In the absence of EGMA, the tensile modu-
lus increased from 25 MPa for pure EVA to 44 MPa
for the 95 : 5 w/w EVA–clay nanocomposite (Table I).
In the absence of clay, the presence of EGMA in-
creased the modulus from 25 MPa for pure EVA to
38 MPa for the 80 : 20 EVA/EGMA blend. The sam-
ple containing 20% EGMA and 5% clay showed a
modulus of 58 MPa. It, therefore, seems that al-
though there was a mixed morphology at higher
clay contents even in the presence of higher EGMA

Figure 2 TEM images of (a) 85 : 10 : 5, (b) 80 : 15 : 5, and (c) 75 : 20 : 5 w/w EVA/EGMA/clay.

Figure 3 Chemical structure of the (a) EGMA repeat unit
and (b) Cloisite 15A organic modifier.

Figure 4 Tensile modulus of the EVA/EGMA–clay nano-
composites as a function of clay content.
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contents, this did not have a substantial effect on the
influence of EGMA and clay on the tensile moduli of
the nanocomposites. Both of these components in-
creased the modulus, and their coexistence in the EVA
matrix had an additive effect on the tensile modulus
of the nanocomposite. The reason for the increased
modulus in the presence of clay was the demobilizing
effect it had on the matrix chains, whereas EGMA
itself had a higher modulus than EVA.

Figure 5 and Table I show the influence of the
EGMA and clay contents on the tensile strengths of
the nanocomposites. Clearly, both the clay and
EGMA contents reduced the tensile strength of the
nanocomposites, although not substantially. It was,
however, interesting to note that the presence of
EGMA reduced the negative influence of the clay on
the tensile strength of the nanocomposites. In the
absence of EGMA, the tensile strength decreased
from 7.8 to 6.4 MPa with increasing clay content.
However, the presence of EGMA caused the tensile
strength of the samples containing 5% clay to be
6.9 MPa, which was slightly better than that for the
non-EGMA-containing sample. This was probably
the result of the stronger interaction between the
matrix and the clay when EGMA was present.

The presence and amount of clay did not seem to
have much influence on the elongation at break of
the nanocomposites (Fig. 6, Table I). This value
decreased slightly from 552% for pure EVA to 518%
for the 95 : 5 w/w EVA–clay nanocomposite. This

TABLE I
Tensile Properties of the EVA/EGMA–Clay Nanocomposites

EVA/EGMA/clay
(w/w)

Tensile modulus
(MPa)

Tensile strength
(MPa)

Tensile elongation
(%)

100 : 0 : 0 24.5 6 1.5 7.8 6 0.2 552 6 15
99 : 0 : 1 28.8 6 1.0 7.5 6 0.2 585 6 18
98 : 0 : 2 31.0 6 1.2 7.1 6 0.2 552 6 13
97 : 0 : 3 31.6 6 1.2 6.9 6 0.2 553 6 9
96 : 0 : 4 36.1 6 1.2 6.6 6 0.2 540 6 11
95 : 0 : 5 44.4 6 1.3 6.4 6 0.2 518 6 11
95 : 5 : 0 34.9 6 1.3 7.3 6 0.1 520 6 7
94 : 5 : 1 37.3 6 1.2 6.7 6 0.2 515 6 14
93 : 5 : 2 38.8 6 1.5 7.2 6 0.1 480 6 5
92 : 5 : 3 44.8 6 1.4 7.1 6 0.1 485 6 11
91 : 5 : 4 49.3 6 1.5 6.7 6 0.1 479 6 7
90 : 5 : 5 56.1 6 0.9 6.9 6 0.1 468 6 16
90 : 10 : 0 35.3 6 0.7 7.1 6 0.1 489 6 10
89 : 10 : 1 39.7 6 2.5 6.6 6 0.1 480 6 13
88 : 10 : 2 42.8 6 1.3 7.1 6 0.1 468 6 8
87 : 10 : 3 47.9 6 1.5 6.8 6 0.1 462 6 5
86 : 10 : 4 53.0 6 1.7 6.4 6 0.1 470 6 13
85 : 10 : 5 54.0 6 1.3 6.5 6 0.1 460 6 11
85 : 15 : 0 35.0 6 1.5 7.2 6 0.1 456 6 7
84 : 15 : 1 46.4 6 0.9 6.7 6 0.1 460 6 12
83 : 15 : 2 43.8 6 1.9 6.8 6 0.1 445 6 9
82 : 15 : 3 51.5 6 1.5 6.5 6 0.1 438 6 11
81 : 15 : 4 52.1 6 2.1 6.3 6 0.1 430 6 5
80 : 15 : 5 56.2 6 1.7 6.7 6 0.1 428 6 6
80 : 20 : 0 38.0 6 2.1 7.5 6 0.1 438 6 14
79 : 20 : 1 49.5 6 2.0 6.7 6 0.1 418 6 12
78 : 20 : 2 49.6 6 1.5 6.8 6 0.1 402 6 16
77 : 20 : 3 54.1 6 1.7 6.6 6 0.1 378 6 10
76 : 20 : 4 54.4 6 2.2 6.2 6 0.1 381 6 9
75 : 20 : 5 57.8 6 1.7 6.7 6 0.1 375 6 17

Figure 5 Tensile strength of the EVA/EGMA–clay nano-
composites as a function of clay content.
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indicated that although the clay platelets reduced
the EVA chain mobility, they had very little influ-
ence on the extensibility of the sample, probably
because they did not substantially influence the crys-
tallization behavior of EVA. The presence of EGMA,
however, substantially reduced the elongation at
break, and this value decreases with increasing
EGMA content. This was probably the result of the
very low elongation at break value of pure EGMA.
The influence of clay on the elongation at break of
the nanocomposites did not seem to be changed by
the presence of EGMA.

The TGA curves of the nanocomposites (Figs. 7
and 8) show that the presence of EGMA gave rise to
a higher thermal stability in the EVA–clay nanocom-
posites. Both figures show that the EVA–clay sam-
ples degraded at temperatures lower than pure EVA

and that these temperatures decreased with increas-
ing amounts of clay (Fig. 8). From these figures, it
is, however, clear that the thermal stability of the
composites was improved beyond that of pure EVA
in the presence of EGMA. An increase in EGMA
content increased the onset temperature of degrada-
tion of the composites, although not substantially.
Because EGMA has about the same thermal stability
as EVA, a probable reason for this improvement in
thermal stability was the stronger interaction between
EVA/EGMA and modified clay as discussed earlier.
This interaction reduced the chain mobility of the
matrix chains and gave rise to a reduction in the rate
of free-radical transfer.

CONCLUSIONS

We studied the influence of the presence and
amount of EGMA copolymer on the morphology
and properties of EVA-modified clay nanocompo-
sites. The presence of EGMA caused the strong exfo-
liation of the clay in the polymer matrix, although at
higher clay contents, some clay layers still existed.
This was probably the result of interaction between
the epoxy oxygen in EGMA and the positive charge
on the quaternary ammonium cation. Because
EGMA mixed well with EVA, the penetration of the
clay layers by the matrix chains was more effective.
The more effective exfoliation, however, did not
seem to substantially influence the tensile properties
of the nanocomposites because the EGMA itself had
a much stronger influence, which overshadowed any
possible influence that the EGMA–clay interaction
may have had on these properties. The thermal sta-
bility of the nanocomposites (as studied by TGA)
improved in the presence of EGMA.

Figure 6 Elongation at break of the EVA/EGMA–clay
nanocomposites as a function of clay content.

Figure 7 Influence of EGMA on the thermal stability of
EVA nanocomposites containing 2% clay.

Figure 8 Influence of EGMA on the thermal stability of
EVA nanocomposites containing 5% clay.
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