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ABSTRACT: Ethylene-vinyl alcohol copolymer (EVOH)/
organoclay nanocomposites were prepared via a dynamic
melt-intercalation process. The effect of compatibilizers on
the melt blending torque, intercalation level, and morphol-
ogy of EVOH/organoclay systems was investigated. Maleic
anhydride grafted ethylene vinyl acetate (EVA-g- MA), or
maleic anhydride grafted linear low-density polyethylene
(LLDPE-g-MA), were used to compatibilize EVOH with
clay, at various concentrations (1, 5, and 10 wt %). Comput-
er-simulation techniques are used to predict structural prop-
erties and interactions of EVOH with compatibilizers in the
presence and absence of clay. The simulation results
strongly support the experimental findings and their inter-
pretation. X-ray diffraction shows enhanced intercalation
within the galleries when the compatibilizers were added.
Interestingly, results were obtained for the EVOH/clay/

compatibilizer systems, owing to a high level of interaction
developed in these systems. Thermal analysis shows that,
upon increasing the compatibilizer content, lower crystallin-
ity levels result, until at a certain compatibilizer content no
crystallization is taking place. Significantly higher mixing
viscosity levels were obtained for the EVOH/organoclay
blends compared with the neat EVOH polymer. The storage
modulus was higher compared with the uncompatibilized
EVOH/organoclay blend in the presence of EVA-g-MA
compatibilizer (at all concentrations), and only at low con-
tents of LLDPE-g-MA. © 2005 Wiley Periodicals, Inc. ] Appl
Polym Sci 97: 20602066, 2005
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INTRODUCTION

Polymer melt processing can be used to develop poly-
mer—clay nanocomposites, using a conventional melt-
mixing technology.' Polymer intercalation depends on
the presence of specific interactions of the polymer
chains with the organoclay. Pristine silicate layers of
clay have polar hydroxyl groups and are thus incom-
patible with polyolefin. Hence, for example, polypro-
pyline (PP)/organoclay nanocomposites are prepared
by using a functional oligomer as compatibilizer, such
as maleic anhydride modified PP oligomer.? Compati-
bilization is a common method to mediate an attrac-
tive interaction between phases, enhancing the forma-
tion of a desired morphology and the associated me-
chanical properties. In general, compatibilizers reduce
interfacial tension leading to increased interphase ad-
hesion, finely dispersed morphology, and stability
against gross segregation.

The phenomenon of polymer chains confined in a
nanoscale gap between rigid walls was previously
investigated, both experimentally>* and computation-
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ally.>” The main goal was to model and understand
the confinement effect on the polymer entropy, as
reflected by its configurational state. Monte Carlo and
molecular dynamic computer simulations were used
to explore the atomic scale structure and dynamics of
intercalated polyethylene oxide (PEO)/montmorillon-
ite nanocomposites.” The dynamics of confined poly-
styrene® or PEO chains’ were studied.

A recent study of melt mixing of ethylene-vinyl
alcohol copolymer (EVOH) with organoclay under
dynamic conditions® has revealed that, despite the
high interaction level between the polar EVOH and
the organoclay, which has led to a mixed intercalation
and delamination morphology, some mechanical
properties were deteriorated. This was attributed
mainly to a decline of EVOH crystallinity level, owing
to interrupted crystallization caused by the high
EVOH/clay interaction level. In addition, the low mo-
lecular weight onium ions treating the clay may lo-
cally plasticize the EVOH matrix when delamination
occurs. In an attempt to improve the interaction level
of the EVOH matrix with the clay tactoids, and simul-
taneously increase the level of intercalation and exfo-
liation, different compatibilizers were used.

This study focuses on the influence of compatibiliz-
ers (i.e., maleic anhydride grafted EVA, EVA-¢-MA, or
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maleic anhydride-grafted LLDPE, LLDPE-¢-MA) and
processing conditions on the resulting EVOH/clay
nanocomposite morphology, intercalation/exfoliation
levels, and the thermal and dynamic mechanical be-
havior. The interaction of EVOH chains confined be-
tween nanometric montmorillonite clay galleries, with
the clay itself, its surface modifiers, and compatibiliz-
ers, was studied experimentally and computationally.
In this study, the enthalpic behavior, rather than the
entropic one, is used to compare the experimental and
the computational results.

EXPERIMENTAL
Materials

The EVOH used in this study is a commercial product
containing 32 mol % ethylene, of Kuraray (Okayama,
Japan). The treated clay used is Nanomer-1.30E clay, an
onium ion modified montmorillonite mineral, obtained
from Nanocor (IL). This organoclay contains 7075 wt %
montmorillonite and 25-30 wt % octadecylamine (ODA).
It is claimed to be designed for ease of dispersion in
amine-cured epoxy resins to form nanocomposites. The
following two types of compatibilizers were studied:
EVA-¢-MA (trade name, Orevac, from Atofina, Paris,
France) and LLDPE-g-MA from Mitsui (Tokyo, Japan).
Both contain less than 2 wt % maleic anhydride (MA).

Preparation methods

Prior to melt blending, the EVOH was ground into
powder. The polymer and clay powders were dried in
vacuum at 80 and 60°C, respectively, for 15 h. The
components were dry-blended at selected ratios, and
subsequently melt-mixed, in a Brabender plastograph
machine, equipped with a 50-cm? cell, at 230°C and 60
rpm. The blends contained 15 wt % clay and different
amounts (1, 5, 10 wt %) of EVA-g-MA or LLDPE-g-
MA. An uncompatibilized 85/15 EVOH/clay sample
was also prepared for comparison. All the resulting
blends were compression molded at 230°C and 1000
MPa into 3-mm-thick plaques and subsequently char-
acterized.

Characterization

Differential scanning calorimetry (DSC) was em-
ployed to characterize the thermal behavior of the
composites. A Mettler DSC 30 system, under nitrogen
atmosphere, at a heating rate of 10°C/min was used.
Samples were heated to a temperature above their
melting, cooled at the same rate, and subsequently
reheated. The melting behavior was determined from
the second heating run. Dynamic mechanical proper-
ties of the compression-molded samples were mea-
sured by using a dynamic mechanical thermal analysis
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Figure 1 Brabender plastogram of 85/15 EVOH/clay
blends at 230°C and 60 rpm.

system (DMTA, Perkin-Elmer Series 7), in the three-
point bending mode. The system was operated at 1
Hz, under nitrogen atmosphere, at a heating rate of
3°C/min. The structure of the composites was exam-
ined by a Philips X’PERT system X-ray diffraction
(XRD), with a CuKe« radiation source operated at 40
kV, 40 mA at a scanning rate of 0.5°/min. The blends’
phase morphology was studied by using a JEOL JSM
5400 scanning electron microscope (SEM) to observe
freeze-fractured and microtomed surfaces. All sam-
ples were gold sputtered prior to observation. The
samples were further characterized by using a TA
Thermogravimetric Analyzer (TGA) 2050, under air
atmosphere, at a heating rate of 20°C/min. Simula-
tions were done using Accelrys molecular modeling
package Cerius2 and InsightIl.”'° The montmorillon-
ite simulation cells were constructed by the surface
builder in Cerius2.” Energy minimization of all the
different montmorillonite cells was carried out by us-
ing an Accelrys Universal force field.” The interaction
between the EVOH polymer and LLDPE-g-MA and
EVA-g-MA compatibilizers as well as the ODA surface
treatment were examined by using InsightII'® accord-
ing to the following simulation sequence:

1. Amorphous cells of EVOH and ODA and/or
LLDPE-g-MA and EVA-¢-MA compatibilizers
were constructed and energy was minimized by
using the Amorphous Cell program'® (10 sam-
ples of each kind).

2. The cells were subjected to molecular dynamics
runs by using Discover program with COMPASS
force field.'® Each run consisted of 100,000 1-fs
steps using the last 20,000 steps for data acquisi-
tion; each 500 steps for one conformation (frame),
thus creating a 40-frame (conformations) trajec-
tory each run. For the 10 samples, 400 different
conformations were produced.
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Figure 2 An energy minimized simulation cell for (a) an untreated montmorillonite with EVOH chain; (b) octadecylamine-

treated clay; (c) octadecylamine-treated clay with EVOH chain.

3.

The interactions between the different functional
groups were examined by using the pair correla-
tion function in Amorphous Cell.'° This function
calculates the probability of finding two pre-
defined functional groups in a certain distance
from each other. If the distances between the two
functional groups are evenly divided, the calcu-
lated function value is about a unit. A graph of

the calculated function value, namely, the inten-
sity versus distance between the examined
groups, shows a curve fluctuating around the
value of a unit. If, however, the functional groups
are not evenly divided (i.e., special interaction),
then the pair correlation function graph shows an
intensity peak at this specific distance with an
intensity greater than 1, sometimes by a few
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units. The intensity value indicates the interac-
tion intensity and the width of the peak indicates
the distance distribution of the functional groups.
Hence, a large narrow peak implies a strong in-
teraction.

RESULTS AND DISCUSSION
EVOH/clay system

Intercalation and/or delamination of clay in the pres-
ence of EVOH can be accomplished by melt-mixing in
a Brabender Plastograph cell.'’ In a recent study, it
was shown that during melt mixing the processing
torque (viscosity) of the EVOH composite with un-
treated clay (85/15 EVOH/untreated clay) was prac-
tically constant, implying that the clay particles re-
main intact, behaving essentially as regular filler par-
ticles. However, the viscosity of the composite with
treated clay (85/15 EVOH/treated clay) was rising
due to clay fracturing processes, formation of new
surfaces, and additional interaction with the EVOH
matrix (Fig. 1). The energy-minimized simulation of
untreated Na " /montmorillonite with a gallery gap of
16 A with an EVOH chain is shown in Figure 2(a). It is
seen that there is no thermodynamic drive for the
EVOH chain to penetrate the clay gallery. The ex-
pected loss of conformational entropy is not compen-
sated with sufficient interaction energy: thus, the poly-
mer chain cannot intercalate into the clay gallery, in
agreement with the experimental Brabender plasto-
gram (Fig. 1). Figure 2(b) shows ODA-treated mont-
morillonite after energetic minimization (without
EVOH). The amine group is located close to the clay
gallery surface, while the aliphatic tail is directed
away from the surface, due to the electrostatic inter-
action between the ammonium ion and the charged
gallery surface. Figure 2(c) shows the same ODA-
treated montmorillonite after energetic minimization
in the presence of an EVOH chain. Contrary to the
case presented in Figure 2(a), the loss of conforma-
tional entropy is now well compensated by interaction
of the polymer chain with the surfactant (ODA). The
polymer chain intercalates the galleries, causing gap
widening, in agreement with the mixing viscosity in-
crease shown in Figure 1. Moreover, as seen in Figure
2(c), the polymer has no contact with the clay surface
but rather interacts mostly with the ODA surfactant.
Hence, a mixture of EVOH and ODA should well
simulate the polymer/surfactant interactions, and
thus, indicate their intensity. The interaction between
a hydroxyl group in EVOH and an amine group in
ODA clay treatment is presented in Figure 3, showing
its pair correlation function. Weak hydrogen bonding
interaction centered on the distance of 2 A is indicated,
presumably accounting for the intercalation of EVOH
into the clay galleries.
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Figure 3 Interaction intensity as a function of distance
between an EVOH hydroxyl group and ODA amine.

EVOH/compatibilizer/clay system

In a previous publication, an increased clay basal
spacing in the presence of EVOH was shown, which
further increases in compatibilized systems, and be-
comes more significant for higher compatibilizer con-
tents.'” The neat organoclay has a characteristic peak
at 20 = 3.58° (dyy; = 25 A) and by incorporation of 15
wt % clay into EVOH an intercalated structure with a
gallery spacing of 32 A (26 = 2.72°) results. Reference
samples (without EVOH) of 85/15 EVA-¢g-MA/or-
ganoclay and 85/15 LLDPE-g-MA /organoclay were
experimentally studied to characterize the tendency of
each neat compatibilizer to intercalate, showing sig-
nificant different gallery heights of 42 and 29 A, re-
spectively. EVOH/clay systems containing 1, 5, and 10
wt % EVA-¢-MA exhibit characteristic peaks at 2.6,
2.5, and 2.3° (dyy; = 33, 35, and 38 A), respectively. The
gallery heights of the corresponding blends containing
LLDPE-g- MA are 34, 35, and 38 A, respectively, same
as obtained for the EVA-g-MA. Although EVA-¢g-MA
itself tends to intercalate more than LLDPE-g-MA and
more than EVOH, the final gallery heights for the
EVOH/organoclay composites were similar for the
two compatibilizers. Figure 4 shows the interaction of
EVOH hydroxyl hydrogen with the grafted maleic
anhydride etheric oxygen [Fig. 4(a)] or carbonyls [Fig.
4(b)]. The interaction with the carbonyl oxygens is
significantly stronger than with the etheric oxygen (<2
A versus 4 A). The same trend is observed for EVA-
¢-MA interactions with EVOH. Figure 4(c) shows the
interaction of EVOH hydroxyl hydrogen with the LL-
DPE-¢g-MA carbonyl oxygen in the presence of ODA
(treated clay). The interaction intensity is enhanced
compared to that without ODA [Fig. 4(b)], supporting
the compatibilizer’s effect in enhancing the interaction
of EVOH and ODA in the treated clay. The EVOH
interaction with the EVA-¢g-MA carbonyl oxygen is
similar to the LLDPE-g-MA case, although the EVA-
¢-MA functions as a better compatibilizer, as evi-
denced by the higher interaction intensity, 4 versus 3
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Figure 4 EVOH interaction with LLDPE-¢g-MA: interaction
intensity as a function of distance between the EVOH hydroxyl
hydrogen and (a) maleic etheric oxygen; (b) maleic carbonyl; (c)
maleic carbonyl groups in the presence of ODA.

(not shown). The nature of the interaction between the
EVOH hydroxyl hydrogen and the maleic anhydride
carbonyl oxygens grafted on the EVA is shown in
Figure 5(a). Strong hydrogen bonds are shown with
the carbonyl oxygens, one of 1.71 A and the other of
1.83 A. The hydrogen bond with the etheric oxygen is
insignificant, having a bond length of 3.77 A, as pre-
viously shown in Figure 4(a). The presence of ODA

ALEPERSTEIN ET AL.

enables the formation of additional hydrogen bonding
between the amine hydrogen (in ODA) and EVOH
hydroxyl oxygen [Fig. 5(b)]. This additional hydrogen
bonding results in shorter hydrogen bond length be-
tween the EVOH hydroxyl hydrogen and the maleic
carbonyl oxygen (1.79 A instead of 1.83 A). Thus,
hydrogen bonding in the presence of ODA is intensi-
fied. The same trend was observed for EVOH with
LLDPE-g-MA as a compatibilizer, in the presence of
ODA (i.e., enhancement of hydrogen bonding), al-
though at a longer bond length (1.93 A), which sup-
ports the better compatibilizing performance of EVA-
¢-MA. This finding is consistent with SEM micro-
graphs (Fig.6) showing the two compatibilizers in the
EVOH matrix. The dispersed EVA-¢g-MA particles are
significantly smaller than the LLDPE-¢-MA ones, in-
dicating a better compatibility of the former with
EVOH. Figure 7 depicts room temperature mic-
rotomed surfaces of the [75/15/10 EVOH/clay /EVA-
g-MA] and [75/15/10 EVOH/clay/LLDPE-g-MA]
systems. Highly stretched fibrils crossing the cracks
formed are seen in both systems. The observed voids
may represent clay tactoids that have been pulled out
by microtoming. The voids” size and thus the clay
tactoids are larger in the case of LLDPE-¢g-MA [Fig.
7(b)] compared with EVA-¢g-MA [Fig. 7(a)], in agree-
ment with micrographs of freeze-fractured surfaces
(not shown here).

The effect of the compatibilizers on the dynamic
mechanical properties of neat EVOH, in the absence of
clay, was first studied.'” The compatibilizers are ex-
pected to lower the modulus of the blends, owing to
their lower modulus, a phenomenon which will be
more pronounced for higher compatibilizer contents.
Indeed, this process occurs in the case of LLDPE-g-
MA. However, when EVA-¢g-MA is used, although the
moduli decrease for EVA-g-MA contents higher than 1
wt %, the moduli are higher than that of the neat
EVOH, for all studied EVA-g-MA contents. Moduli
increase as a result of an addition of compatibilizer,

Figure 5 Calculated spatial configuration of a single EVOH chain with EVA-¢g-MA: interaction of the EVOH hydroxyl

hydrogen and the maleic carbonyl (a) no ODA, (b) with ODA.



EVOH/CLAY NANOCOMPOSITES

2065

Figure 6 SEM micrograph of (a) EVA-g-MA, (b)- LLDPE-g-MA in EVOH.

reminds the phenomenon seen when low contents of
plasticizers are added to certain polymers and in-
crease their modulus and tensile strength (i.e., act as
antiplasticizers). The glassy storage modulus of
EVOH containing 15 wt % clay is lower than that of
the neat EVOH owing to crystallinity depression and
plasticizing effect of the low molecular weight onium
ions treating the clay. Upon EVA-¢g-MA addition at 1
and 5 wt % concentrations, the modulus increases;
however, at 10 wt % EVA-¢g-MA, the modulus de-
creases and is even lower than that of the neat EVOH
modulus. Incorporation of 1 wt % LLDPE-g-MA re-
sulted in a slight modulus increase compared with the
uncompatibilized blend containing 15 wt % clay; how-
ever, the modulus was lower than that of the neat
EVOH polymer (not shown here). The fracturing/
delamination processes are accompanied by an in-
creased level of interaction in the studied systems,
which results in two opposing effects on the storage
modulus. The first, common in nanocomposites, is the
modulus increase due to the increased polymer/clay
interaction level. The second, unique to the presently
studied EVOH matrix polymer, is a modulus decrease
due to the crystallinity degree drop, ultimately even to
its complete elimination (not shown here). In the
EVOH/organoclay systems, the clay has a significant
effect on crystallinity, whereas in EVOH/compatibi-

lizer pairs (without clay), no crystallinity change oc-
curs. It is thus suggested that, by creation of additional
clay surfaces, further reduction of crystallinity results.
In this regard, LLDPE-g-MA is more aggressive than
EVA-¢g-MA in reducing the degree of crystallinity in
the EVOH/clay composites. This is because the latter
is a better intercalant, and the former, therefore, lo-
cated at a higher content in the matrix, is external to
the clay particles. This is in agreement with the sim-
ulation results showing higher interaction level be-
tween EVOH and EVA-g-MA compared with LLDPE-
g-MA. In addition, because LLDPE-g-MA interaction
with clay is lower than EVA-g-MA’s, more bare clay
surfaces are available for interaction with EVOH. This
clay/EVOH interaction is the one responsible for the
reduction in the degree of crystallinity and thus on the
resulting mechanical properties.

CONCLUSIONS

Computer simulation is a useful tool to predict inter-
actions of polymers with given clays or compatibiliz-
ers and thus enables the design of an efficient exper-
imental program.

Dynamic melt-mixing of EVOH/organoclay mix-
tures is accompanied by a significant torque increase
owing to clay particle fracturing, intercalation, and

Figure 7 SEM micrographs of microtomed surfaces of EVOH/clay/compatibilizer: (a) [75/15/10 EVOH/clay/EVA-g-MA],

(b) [75/15/10 EVOH/clay /LLDPE-g- MA].
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delamination processes and thus the build-up of sig-
nificant levels of polymer/clay interaction.

The presence of compatibilizers enhances the inter-
calation level of EVOH into clay galleries. Neverthe-
less, the compatibilizer type, owing to different inter-
action levels with EVOH, affects the mechanical be-
havior of the composites, as found experimentally and
supported by computer simulation.
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