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ABSTRACT: Dispersion behavior of monmorillonite
(MMT) is investigated in ethylene vinyl acetate (EVA)/
MMT nanocomposite with various vinyl acetate content.
Maleic anhydride (MAH) grafted polyethylenes with vari-
ous MAH contents are used as a compatibilizer to enhance
the dispersion of MMT. DMA and XRD studies indicate that
an intercalated/exfoliated structure is obtained and vinyl
acetate content and the concentration of PEMA play a criti-

cal role in EVA/MMT nanocomposite. Higher vinyl acetate
content and concentration of grafted maleic anhydride result
in better dispersion of MMT. © 2004 Wiley Periodicals, Inc.
J Appl Polym Sci 94: 1057-1061, 2004
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INTRODUCTION

Montmorillonite (MMT) is a widely used layered sil-
icate and it consists of layers separated by a van der
Waals gap called the gallery or interlayer. These inter-
layers are occupied by metal cations, which make it
difficult to disperse MMT in polymer matrix. Replac-
ing the metal cations with alkylammonium cation is a
well known method to improve the dispersion of the
MMT in polymer matrix. Various polymer systems are
used to form polymer-MMT nanocomposites.'” Eth-
ylene vinyl acetate copolymer (EVA) is a polyolefin
bearing polar vinyl acetate (VA) and it can be synthe-
sized with various VA contents. Alexandre et al.’
showed that sodium-MMT and MMT modified with
ammonium cations bearing a carboxylic acid moiety
were not suitable for EVA nanocomposite. Zanetti et
al.* reported the collapse of the interlayer of octade-
cylammonium modified MMT in EVA matrix. Im-
proved intercalation behavior was observed with in-
creasing VA content.”

The exfoliated and homogeneous dispersion of
MMT is reported for a few polymers containing polar
groups, such as amide and imide groups.®’ In
polypropylene (PP), a typical nonpolar polymer, it is
thought that homogeneous dispersion of the silicate
layers in PP is difficult due to its nonpolar character-
istic. Recently, functional oligomer or comonomer was
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used as a compatibilizer to improve the dispersion of
silicate layers and maleic anhydride (MAH) grafted
ployolefin has been widely used as a compatibi-
lizer.>#~'® Kato et al. used MAH grafted PP (PPMA)
oligomer to improve the dispersion of MMT in PP and
reported that the number of repeating units per polar
group of MAH played a critical role for the exfoliation
of MMT in MMT/PP nanocomposite.'®> Kawasumi et
al.® showed that the miscibility between PPMA and PP
is more important than the content of grafted MAH
content in PPMA to achieve the exfoliation, and better
miscibility resulted in improved exfoliation behavior
in MMT/PP nanocomposite. Improved dispersity of
MMT with increasing amounts of PPMA was also
reported.’” Recently, Zhang et al.'' reported that
MAH-grafted PP polymer also enhanced the dispers-
ibility of MMT.

This study investigates the effect of compatibilizer
on the intercalation/exfoliation behavior of EVA/
MMT nanocomposite. EVA and MMT are melt
blended in an internal mixer. Maleated high density
polyethylenes (PEMA) with various maleic anhydride
contents are used.

EXPERIMENTAL
Materials

EVAs with various vinyl acetate contents were used as
matrix polymers. Dimethyl dioctadecyl ammonium-
modified montmorillonite (Closite® 15A) was sup-
plied by Southern Clay Products Inc and it was used
as received. 0.5 and 3 wt % maleic anhydride grafted
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TABLE 1
Characteristics of EVAs Used in this Study
VA content Melt index

Symbol (wt %) (g/10 min) Grade Producer

EVA-3 3 0.6 EF221 Hyundai Petrochemical Co.
EVA-8 8 1.0 EF321 Hyundai Petrochemical Co.
EVA-12 12 11 EF443 Hyundai Petrochemical Co.
EVA-15 15 1.6 E153F Samsung General Chemicals Co.
EVA-22 22 3.0 E220F Samsung General Chemicals Co.
EVA-26 26 4.0 V5410 Hyundai Petrochemical Co.

polyethylene from Aldrich and 1 wt % MAH grafted
PEMA (Polybond® 3009, MI = 5 g/10 min, Uniroyal)
were used as compatibilizer and those were desig-
nated as PEMA-05, PEMA-30, and PEMA-10, respec-
tively. Characteristics of EVAs used in this study are
shown in Table I.

Nanocomposite preparation

EVA and PEMA were fully melted first and MMT was
added using an internal mixer. Melt blend was done at
100°C and concentration of MMT was 5 wt %. Rotor
speed was 80 rpm and mixing time was 20 min. The
ratio of PEMA was based on EVA /PEMA blend, while
MMT concentration was based on EVA or PEMA/
EVA blend.

Characterizations

Degree of intercalation/exfoliation was evaluated us-
ing X-ray diffractometer (XRD). The thin film of the
nanocomposite was prepared by pressing at 100°C.
X-ray diffraction patterns of the film of the nanocom-
posite were obtained by using a M18XHF-SRA diffrac-
tometer with CuKa radiation (MacScience Inc). It was
scanned from 1.5 to 12° and scanning speed was 2°/
min.

Tensile stress at break and tensile modulus were
measured using a tensile tester (Tensilon/UTM-III,
Toyo-Baldwin) and crosshead speed was 50 mm/min.
Test specimens were prepared by pressing at 100°C
for 1 min. Ten different specimens were used to obtain
the properties and the results were quite reproducible.

The storage modulus of the nanocomposite is deter-
mined by using a dynamic mechanical analyzer (DMA
2980, TA Instrument). A sample was subjected to a
cyclic strain with an amplitude 0.1% at a frequency 5
Hz. The temperature was increased at a heating rate
2°C/min in the range of —100 to 80°C.

RESULTS AND DISCUSSION

Polar third component has been widely used to im-
prove the dispersion of MMT in polymer/MMT nano-
composites.>®™'? Figure 1 shows the XRD patterns of

EVA-15/MMT nanocomposites with various amount
of PEMA-10. The concentration of MMT is 5 wt %.
These XRD patterns indicate that interlayers are ex-
panded with increasing amounts of PEMA-10, i.e.,
intercalation behavior is improved by the addition of
PEMA-10, and begin to show mixed random and or-
dered layer structures at 20 wt % PEMA-10.

The effect of concentration of grafted MAH in
PEMA is shown in Figure 2. 20 wt % PEMAs (PEMA-
05, 10, and 30) are melt blended with EVA-15. It is
observed that intercalation behavior is enhanced with
increasing concentrations of grafted MAH. Kawasumi
et al.® and Hasegawa et al." also reported that high
concentrations of grafted MAH or large amounts of
PPMA enhanced the exfoliation of MMT in PP/MMT
nanocomposite. Interlayer distances of MMT in
EVA-15 nanocomposites with various concentrations
of grafted MAH in PEMAs and amounts of PEMAs
are shown in Table II. Table II clearly shows that
intercalation/exfoliation behavior is dependent on the
concentration of grafted MAH and the amount of
PEMA. For PEMA-05, interlayer distances of nano-
composites are very similar within the range of 0-20
wt % PEMA, which means that no significant interca-
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Figure 1 XRD patterns of EVA-15/MMT nanocomposites
with various amounts of PEMA-10: (a) 0 wt %; (b) 2 wt %; (c)
5 wt %; (d) 10 wt %; (e) 20 wt %.
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Figure 2 XRD patterns of EVA-15/MMT/PEMA (20 wt %)
with various concentrations of grafted MAH.

lation action occurs by the addition of PEMA-05 in this
range. It exhibits a relatively broad XRD peak with a
shift to the lower angle at 30 wt % and it can be
interpreted as the existence of mixed intercalation and
exfoliation behaviors. Mixed intercalation/exfoliation
and exfoliation are observed at 20 wt % PEMA-10 and
PEMA-30, respectively. The amount of PEMA to result
in the exfoliation strongly depends on the concentra-
tion of MAH in PEMA. Less PEMA is needed for
higher concentrations of grafted MAH.

Figure 3 shows the XRD patterns of EVA/MMT/
PEMA-10 nanocomposites with various VA content at
10 wt % PEMA-10. It clearly shows that the (001) peak
shifts to the lower angle with increasing VA content,
which indicates the enhanced intercalation/exfolia-
tion behavior has occurred. However, the effect of VA
content on the intercalation/exfoliation in this system
is somewhat different from EVA/MMT nanocompos-

TABLE 1I
Comparison of Interlayer Distances
of EVA-15/MMT/PEMA

PEMA content

Interlayer distance

Material (wt %) (A)

0 30.5

10 30.5

PEMA-05 20 30.8

30 Mixed?

5 30.6

PEMA-10 10 30.8

20 Mixed?

5 30.5

PEMA-30 10 33.1
20 Exfoliated®

?(001) Peak can not be identified due to broad peak.
 (001) Peak is not observed.
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Figure 3 XRD patterns of EVA/MMT/PEMA-10 (10 wt %)
with various VA contents.

ite without PEMA.” Jeon et al.” showed that VA con-
tent is an important factor to determine the intercala-
tion/exfoliation behavior in MMT/EVA nanocompos-
ite and critical VA content is 15 wt %. Degree of
intercalation/exfoliation increased with VA content
up to 15 wt % and it tended to level off at higher VA
contents. In Figure 3, however, the (001) XRD peak
shifts to the lower angle with increasing VA content
even for more than 15 wt % VA content and finally
exfoliation behavior is observed for 26 wt % VA con-
tent. Different intercalation/exfoliation behaviors be-
tween EVA/MMT and EVA/MMT/PEMA-10 nano-
composites under various VA contents clearly come
from the addition of PEMA, i.e., the maleic anhydride
component of PEMA, and its synergic effect with VA
on the dispersity of MMT.

Even though the detailed reasons for the enhanced
intercalation behavior by the addition of PEMA at
higher VA content and the existence of a critical
amount of PEMA to induce the exfoliation as shown in
Table II and Figure 3 are not clear yet, two possible
explanations exist: different intercalation mechanisms
by the addition of PEMA and/or the existence of
critical polarity value to cause exfoliation.

For more than 15 wt % VA content, we can assume
that the polarity difference between EVA-15 and
EVA-26 is not large enough to induce the further
change of intercalation, even though the polarity of
EVA-26 is higher than EVA-15. This is why interlayer
distances of EVA-15/MMT and EVA-26/MMT nano-
composites show similar values® and the existence of
critical polarity value for further intercalation can be
proposed. The addition of PEMA-10 then results in the
increment of polarity of the system and it can exceed
a certain critical value to induce further intercalation
and exfoliation for high VA content EVAs as shown in
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Figure 3. The presence of critical contents of polar
component to achieve a proper exfoliation is also re-
ported for several nanocomposites. Hasegawa et al.'’
and Kato et al."” reported that MAH grafted PP
(PPMA) oligomer significantly improved the disper-
sity of MMT in PP/MMT nanocomposite and critical
concentration of MAH is needed to enhance the inter-
calation behavior. Wang et al.'* suggested that 0.1 wt
% of MAH in PEMA/LLDPE mixture is a critical
value for exfoliation for MMT/PEMA /LLDPE nano-
composite.

In addition to the existence of critical polarity, some-
what different intercalation behavior by the addition
of PEMA is a possible explanation. In our preliminary
experiments, PEMA nanocomposite with 5 wt % MMT
showed exfoliation, while EVA (up to 28 wt % VA
contents) composites showed intercalation behaviors.
This indicates that PEMA has better penetrating abil-
ity into the MMT interlayer than EVAs used in our
experiments. Some PEMA molecules penetrate into
the interlayer prior to EVA molecules in the early
mixing step and it weakens the interaction of layers. In
this case, the small polarity difference of EVAs can
cause the big difference in intercalation capability,
because PEMA intercalated layers make easy to pen-
etrate EVA into layers. A similar mechanism is pro-
posed for PP/MMT nanocomposite.'® Penetration of
PPMA molecules increases the interlayer distance and
it makes easy to penetrate PP molecules into layers.
Recently it is found that different mixing sequences of
materials results in different intercalation behavior in
our experiments. Nanocomposite prepared by mixing
MMT and PEMA first followed by the addition of
EVA shows better intercalation behavior than that
prepared by mixing MMT, EVA, and PEMA together.
This also may be evidence that penetration of PEMA
into MMT layers helps the intercalation of EVA. The
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Figure 4 Storage modulus of EVA-15/MMT/PEMA-10.
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Figure 5 Tensile modulus of EVA/MMT/PEMA-10 (10 wt
%) with various VA contents.

roles of EVA and PEMA molecules for the intercala-
tion in EVA/MMT/PEMA nanocomposite are cur-
rently under investigation.

Dynamic mechanical tests are carried out to exam-
ine the degree of MMT dispersion in EVA-15/MMT/
PEMA-10 nanocomposites. Figure 4 shows the effect
of PEMA-10 on the storage modulus of nanocompos-
ites as a function of temperature. It is observed that the
storage modulus of EVA-15/MMT/PEMA-10 is
higher than that of EVA-15/MMT and it increases
with the amount of PEMA. The increment of storage
modulus is related to the better dispersion of
MMT.*"*!* Along with XRD results, DMA results also
indicate that the addition of PEMA as a compatibilizer
enhances the intercalation of polymer chains into the
MMT gallery by the presence of a polar MAH group in
PEMA.

Mechanical properties, such as tensile stress and
tensile modulus, are characterized using a tensile
tester. Figure 5 shows the tensile modulus of nano-
composites as a function of VA content and the
addition of PEMA-10. The concentrations of MMT
and PEMA-10 are 5 and 10 wt %, respectively. It is
observed that tensile modulus increases by the ad-
dition of MMT for all VA contents as demonstrated
in previous results.”'® The results also show that the
addition of PEMA improves the tensile modulus of
nanocomposites and it can be attributed to the im-
provement of MMT dispersion. Hasegawa et al."
reported the improvement of the tensile modulus by
increasing the amount of PPMA in PP/MMT nano-
composite, which results in greater exfoliation of
MMT. Kojima et al.' also showed that exfoliated
layers of MMT are the main factor for the increment
of tensile modulus in Nylon-6/MMT nanocompos-
ite. Tensile stress at break is shown in Figure 6. The
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Figure 6 Tensile stress at break of EVA/MMT/PEMA-10
(10 wt %) with various VA contents.

addition of PEMA-10 results in the different trends
in tensile stress depending on the VA content. Ten-
sile stress for low VA content EVAs (< 12 wt %) is
decreased with PEMA, while it is increased for high
VA content EVAs (> 15 wt %). It is also interesting
that quite different tensile stress values are ob-
served by the addition of PEMA-10 for nanocom-
posites with high VA content EVAs, while they
show similar tensile stress values without PEMA-10.
The addition of 10 wt % PEMA-10 results in 26, 50,
and 108% increase of tensile stress for EVA-15, EVA-
22, and EVA-26 nanocomposits, respectively. Exfo-
liated nylon-6 and intercalated PMMA-based nano-
composites exhibit an increase of tensile stress and
this behavior is explained by the presence of polar
group and even ionic interactions between polymer
and silicate layers.'”'” However, the addition of
PPMA to the PP matrix does not induce the incre-
ment of tensile stress of PP/MMT nanocomposite
and maintains it at an acceptable level. Thus, the
significant increase of tensile stress values at higher
VA content EVA can be attributed to the high con-
centration of polar groups in EVA and PEMA.

CONCLUSION

Ethylene vinyl acetate copolymer based monmorillo-
nite nanocomposites are prepared using melt blend-
ing. The effects of vinyl acetate content, concentration
of grafted maleic anhydride in PEMA, and amount of
PEMA on the intercalation/exfoliation behavior of
MMT are investigated using X-ray diffraction and dy-
namic mechanical analysis. Dispersibility of MMT is
improved with increasing amounts of PEMA and con-
centration of grafted maleic anhydride in PEMA. The
amount of PEMA to accomplish the exfoliation is in-
creased with decreasing concentrations of grafted ma-
leic anhydride. Improvement of dispersibility of MMT
under the addition of PEMA is observed with increas-
ing vinyl acetate content and it is attributed to the
synergic effect of polar groups, i.e., vinyl acetate and
maleic anhydride. DMA results also show that PEMA
helps to improve the dispersibility of MMT. The ad-
dition of PEMA increases tensile modulus.
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