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ABSTRACT: EVOHnanocomposites
containing organically treated clays
are unique systems in which the
clay is strongly attracted to EVOH,
thus affecting the morphology and
the resultant thermal and mechani-
cal properties. A strong effect of
the processing conditions on mor-
phology, thermal, and mechanical
properties was observed. In highly
interacting systems, under dynamic
mixing conditions, in addition to a
fracturing process of the clay par-
ticles, an onion-like delamination
process is suggested. EVA-g-MA

and LLDPE-g-MA, having polar
groups, were studied as compatibil-
izers to further induce clay interca-
lation and exfoliation. The compa-
tibilizers affected both the thermal
and mechanical properties of the
composites at different levels.
Thermal analysis showed that with
increasing compatibilizer content
lower crystallinity levels result,
until at a certain content no crystal-
lization has taken place. A Ny-6
(nylon-6)/EVOH blend is an inter-
esting host matrix for incorporation
of low organoclay contents. The

Ny-6/EVOH blend is a unique sys-
tem that tends to hydrogen bond
and also to in situ chemically react
during melt mixing. The addition
of clay seems to interrupt the chem-
ical reaction between the two host
polymers at certain compositions,
leading to lower melt blending tor-
que levels when clay is present. A
competition between Ny-6 and
EVOH regarding the intercalation
process takes place. However,
Ny-6 seems to lead to exfoliated
structures, whereas EVOH forms
intercalated structures, as revealed
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from combined XRD and TEM
experiments, owing to thermody-
namic considerations and preferen-
tial localization of the clay in Ny-6.
Of special interest is the increased

storage modulus seen by the pres-
ence of only 1 wt % clay, which
was achieved by extrusion under
high shear forces, leading to a com-
pletely exfoliated structure. VVC 2005
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INTRODUCTION

The expansion of industrial and economic activ-
ities results in a continuous need for new materi-
als of improved performance. The demand of
lightweight high-performance materials in the
past 30 years is so great and diverse that the com-
posite materials concept is a natural outcome.
The main difference between nanocomposites and
convential composites is that in the former the
filler has at least one dimension in the nanometer
range.1,2 Polymers filled with low amounts of lay-
ered silicate dispersed on the nanoscale level are
promising materials characterized by a combina-
tion of chemical, physical, and mechanical pro-
perties that cannot be obtained by dispersion of
inorganic fillers in the micron level.3

Ethylene vinyl alcohol copolymer (EVOH) is a
thermoplastic resin related to polyvinyl alcohol
(PVOH) with improved extrudability and water
resistance while maintaining most of PVOH’s advan-
tages; gas barrier, oil resistance, and transparency.
EVOH is produced by complete hydrolysis of vinyl
acetate groups present in the random copolymer. A
high degree of hydrolysis is required (over 99wt %).4

A particular EVOH composition range is
required to achieve good barrier properties, that is,
25–45 mol % ethylene content. If the ethylene con-
tent is more than 50 mol %, EVOH is not a high
barrier resin, owing to characteristic higher oxygen
transmission coefficient values. On the other hand,
EVOH is hygroscopic, and thus for practical appli-
cations, reduction of oxygen barrier properties
owing to moisture absorption cannot be neglected.
A wide variety of polymers can be employed in a
filmed multilayer structure along with EVOH.
Such multilayered structure should conform to
EVOH under various processing conditions such as
blowmolding, thermoforming, and orientation.5

EVOH offers innovative food-packaging tech-
nology owing to reduced oxygen permeability.
An outstanding characteristic of EVOH is its
high level of hydrogen bonding and the reten-
tion of crystallinity in all copolymer composi-
tions, despite the irregularity and nonstereospe-
cificity of the vinyl alcohol segments distributed
in the EVOH copolymer chain. This behavior is
a result of dense chain packing of the copolymer
components, because only small spatial inter-
ruptions in EVOH occur owing to the relatively
small volume of the hydroxyl groups. Therefore,
the randomness of the hydroxyl groups does not
have a significant effect on crystallinity reduc-
tion as in other random copolymers.

Mechanical properties of EVOH depend on
the ethylene content. Increasing the ethylene

content from 25 to 45 mol % leads to strength
and modulus decrease. Elongation increases and
impact strength decreases with increase of eth-
ylene content. Presumably, with variation of the
ethylene content, the cohesive intermolecular
hydrogen bonds and crystallinity are changed,
thus affecting chain flexibility.4

Coleman6 studied the miscibility of EVOH with
EVA and polymethacrylates. He found that misci-
ble EVOH blends with polymers containing ester
or acetoxy groups do exist. Another research7 has
shown partial miscibility in blends of two random
copolymers: EVOH and copolyamide. The rich
EVOH blends exhibited much lower miscibility
levels than those of the copolyamide-rich blends;
the latter even showed interpolymer complexes in
the amorphous phase through hydrogen bonding.
The ethylene content in EVOH affected the misci-
bility of the blends where a higher ethylene con-
tent resulted in a lower miscibility. This was
attributed to reduced hydrogen bonding between
OH groups of EVOH and amide groups of the
copolyamide. EVOH copolymers have the poten-
tial of forming partially miscible blends in the
amorphous phase with a wide variety of polymers
containing polar functional groups, due to the sig-
nificant role of the hydrogen bonding interaction.

Although nanocomposites based on organoclays
and homopolymers have been extensively investi-
gated, nanocomposites based on organoclays and
polymer blends are relatively rare. Interesting
materials that combine the properties of polymer
blends and the nanometric clay can be achieved.
Ellis8 investigated the barrier properties of clay
nanocomposites based on PA6 and EVOH as a
matrix. A reference nanocomposite containing PA6
and 4 wt % clay was found to offer 10-fold reduction
in the diffusion coefficient of methanol compared to
neat PA6. Nanocomposites containing PA6 and
EVOH were found to produce miscible blends that
maintained complete clay exfoliation up to 50 wt %
EVOH. At higher levels (75 wt %) of EVOH content,
the clay became ineffective as a barrier and the per-
meability was severely reduced. The latter phenom-
enon was found to be caused by clay aggregates.

This study summarizes the behavior of poly-
meric organoclay composites emphasizing rela-
tionships of morphology with the related thermal
and mechanical properties, considering material
properties and processing parameters. Commer-
cial organoclays were used in combination with
EVOH as the matrix with and without compati-
bilizers (EVA-g-MA, or LLDPE-g-MA). Also, a
Nylon-6/EVOH blend was reinforced with organo-
clays and its behavior studied.
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MATERIALS

The EVOH (ethylene vinyl alcohol copolymer) used in
this study is a commercial product, Kuraray, Japan,
consisting of 32 mol % ethylene. Several treated clays
were used: Nanomer-I.30E (E-clay), an onium ion
modified montmorillonite mineral. The organoclay
used contains 70–75 wt %montmorillonite and 25–
30 wt % octadecylamine. It is claimed to be
designed for ease of dispersion into amine-cured
epoxy resins to form nanocomposites. Nanomer-
I.35L (L-clay), a modified montmorillonite min-
eral containing 60–70 wt % montmorillonite and
30–40 wt % polyoxyethylene decyloxypropyl-
amine claimed to be treated for EVOH resins.
Nanomer-1.30TC, which is claimed to be designed
for ease of dispersion into Ny-6 to form nanocom-
posites. A reference untreate clay was also used.
All clays were obtained from Nanocor (Illinois).

PREPARATION METHODS

Composites were prepared by a standard proce-
dure of melt mixing of a dry-blended mixture of
the components in a Brabender Plastograph
machine equipped with a 50 cm3 cell, at 230 8C
and 60 rpm (or 250 8C and 20 rpm when Ny-6
was also incorporated) for approximately 45 min.
The melt-mixing step was performed also in a
Haake Rheocord 90 mixer (Haake GmbH,
Germany) at 230 8C, at 60 and 150 rpm. The
resulting composites were subsequently compres-
sion molded at the same temperature at 1000
MPa to produce 3 mm-thick plaques.

Composites were also prepared by extrusion in an
intermeshing twin-screw, Brabender TSC 42/6 (L/D
¼ 6; D ¼ 42 mm), at 200 and 220 8C, using two
screw rotation speeds (20 and 40 rpm). Filaments
of the blends produced were ground and injection
molded using an Arburg 220/150 injection-mold-
ing machine, equipped with an ASTM standard
mold. The injection molding machine tempera-
ture was maintained at 200 or 220 8C in all zones,
and the mold at 40 8C. Selected composites were
compression molded after compounding (rather
than injection molded) at the extrusion tempera-
ture (i.e., 200 or 220 8C), under a pressure of 1000
MPa, into 3 mm-thick plaques.

CHARACTERIZATION

Differential scanning calorimetry (DSC), thermal
gravimetric analysis (TGA), dynamic mechanical

thermal analysis system (DMTA, Perkin Elmer
Series 7), X-ray diffractometer (XRD), scanning
electron microscope (SEM), transmission electron
microscopy (TEM), and FT-Raman spectra were
employed for characterization as reported else-
where.9–14 The nonextractable EVOH content
was also determined using several solvents.12

RESULTS AND DISCUSSION

EVOH/Clay System

Intercalation and/or delamination of organoclay
in the presence of EVOH (ethylene vinyl alcohol
copolymer), can be accomplished by melt mixing
in a Brabender Plastograph. Figure 1 shows
the mixing torque as a function of mixing time for
a 85/15 EVOH/clay blend, for two types of clay,
that is, organically treated (I.30E) and untreated
as a reference material. Under the dynamic melt
mixing conditions, the gradual viscosity increase
reflects on the fracturing of the organoclay par-
ticles into smaller aggregates and also between
lamina, followed by a delamination process, even-
tually leading to the dispersion of thin clay plate-
lets in the EVOH matrix. Thus, under dynamic
conditions delamination, in addition to intercala-
tion, may be a major step. Under static ‘‘blending’’
conditions, that is, prolonged heating without
shearing, intercalation is the dominant step.15–17

Figure 1 shows that the mixing torque, or viscos-
ity, of the composite with the untreated clay is

Figure 1. Brabender plastograms of 85/15 EOH/clay
blends at 230 8C and 60 rpm.9
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almost constant, implying that the clay particles
stay practically intact, thus behaving as regular
filler particles. However, the viscosity of the sys-
tem with treated clay rises due to the fracturing
processes, formation of new surfaces, and
increased interaction with the EVOH matrix.
Filler agglomeration/deagglomeration processes
may also play a role on the level of the required
mixing power (torque), where the matrix charac-
ter and interaction level are important parame-
ters.18 The effect of the combination of high tem-
perature and high rotation speed (150 rpm
compared to 60 rpm), experienced in a Haake
machine, is demonstrated in Figure 2. An inter-
pretation of this behavior is that when the
separately dispersed platelets reach a certain
concentration, presumably when platelets con-
tinuity is approached and a gel-like behavior
becomes important, a dramatic viscosity increase
occurs. The temperature, set at 230 8C, has actually
reached 280 8C near the maximum torque level
seen in Figure 2. The torque rise became pro-
nounced already after 3 min of mixing, presumably
at the beginning of formation of platelets continuity,
and the maximum torque level occurred soon there-
after at 5.5 min. The material’s rigidity is increas-
ing due to the increasing level of EVOH/clay inter-
action, thus eliminating segments and chains from
the flowing polymer melt. The sharp torque
decrease (Fig. 2) is a result of mechanical degrada-
tion of the hot ‘‘gelled’’ mass under the dynamic
mixing conditions, which occurs when the system

flowability decreases, attaining a certain low level.
At this point the material is undergoing milling into
powder, in the hot mixing cell. In highly interacting
systems, in addition to a fracturing process of the
clay particles, an onion-like delamination proc-
ess is suggested, as schematically illustrated in
Figure 3. External tactoid platelets are subjected
to dynamic high shear forces, which ultimately
cause peeling off and their delamination from the
stack of layers building the original clay particle.9

DSC studies offer further support to the high
interaction level in the EVOH/clay system. Sec-
ond DSC runs of the neat EVOH that was melt
mixed for 45 min, and for the 85/15 EVOH/
treated clay blend at two mixing times, 10 and
45 min, was done (not shown here). The compo-
site that was melt mixed for 10 min shows a
Tm of 178.9 8C, similar to the neat EVOH
(179.6 8C), but a lower enthalpy value, 72.2 mJ/g
(normalized to EVOH content), compared to
82.7 mJ/g for the neat EVOH. After 45 min of
mixing much lower melting temperature and
enthalpy values, 159.5 8C and 55.5 mJ/g, respec-
tively, are found. Segmental chains attached to
the platelets are partially hindered from taking
part in the flow process and their crystallization
process is also hindered. Thus, the platelets
affecting the crystallization process are both the
EVOH intercalated clay particles and those pla-
telets that are already dispersed. These results
differ from reports on other systems, where the
clay was acting as a nucleating agent.15,16,19–21

The EVOH crystallization process is quite sensi-
tive to crystallization conditions. The crystalliza-
tion process in the presence of clay particles,
especially clay nanoplatelets, generates ‘‘smaller’’
EVOH crystals, having a lower melting temper-
ature. The clay is probably playing a role of
hindering the crystallization process, owing to
the high interaction level with EVOH.9

EVOH/Compatibilizer/Clay Systems

In an attempt to further improve the interaction
level between the EVOH matrix and the clay
tactoids, thus increasing the levels of intercala-
tion and exfoliation, different compatibilizers
were studied including maleic anhydride-grafted
EVA (EVA-g-MA), or maleic anhydride-grafted
LLDPE (LLDPE-g-MA). Figure 4 shows the mix-
ing torque as a function of mixing time for the
systems containing EVA-g-MA as a compatibil-
izer. The plastograms shown are affected by the
EVA-g-MA content and even show an abrupt tor-

Figure 2. Haake plastogram of an 85/15 EVOH/
treated clay blend at 230 8C and 150 rpm.9
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que upturn. The viscosity of EVA-g-MA contain-
ing 15 wt % clay is low and slightly decreases
with time. When 1 wt % EVA-g-MA is added to

EVOH containing 15 wt % clay, the torque rise
is delayed compared to the reference 85/15
EVOH/clay system. However, using 5 and 10 wt %
EVA-g-MA shortens the time for the torque to
rise by 15 and 18 min, respectively. The neat
EVOH, neat EVA-g-MA and blends containing
the same amounts of EVA-g-MA (without clay,
not shown here) show a stable constant torque
as a function of mixing time. Although the EVA-
g-MA viscosity is much lower than that of neat
EVOH, EVOH containing 1 wt % EVA-g-MA has
a higher viscosity than the neat EVOH. For
higher EVA-g-MA contents, the torque level
decreases. The sharp torque decrease seen after
40 min of mixing when 10 wt % compatibilizer
was incorporated, in the presence of 15 wt %
clay, is a result of mechanical grinding into pow-
der of the hot mass under the dynamic mixing
conditions. Although LLDPE-g-MA viscosity is
similar to that of neat EVOH, higher than that
of EVA-g-MA, the blends containing the same
amounts of compatibilizers exhibited lower tor-
que values when LLDPE-g-MA was used. The
Brabender results (Fig. 4) showing the gradual
viscosity increase, which is more pronounced in
the presence of the compatibilizers, is indicative
of more fracturing of the organoclay particles.

Figure 3. Schematic description of clay fracturing
and an onion-like delamination process, where thin
platelets peel off and disperse in the matrix:9 (a)
before interclation and/or delamination process; (b)
interclation and clay fracuring; and (c) advanced
delamination process.

Figure 4. Brabender plastograms of EVOH/clay sys-
tems containing EVA-g-MA, at 230 8C and 60 rpm.11
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The clay fractures into small aggregates and
also undergoes delamination processes. The
improved interaction level between the EVOH
and the clay, when compatibilizers are added,
leads to significant viscosity rise and shorter
times of torque upturn are realized.

X-ray diffraction is a conventional method to
characterize the gallery height in clay particles,
which is indicative of the extent of intercalation.
Figure 5 shows the X-ray diffraction patterns
of neat clay, [85/15 EVOH/clay], and blends
containing EVA-g-MA as compatibilizers. The
increase in the clay basal spacing in the pres-
ence of EVOH is higher for the compatibilized
systems, and is more significant for the larger
compatibilizer amounts. The neat clay shows a
characteristic peak at 2h ¼ 3.588 (d001 ¼ 25 Å).
The blending of 15 wt % clay with EVOH has
resulted in an intercalated structure with a gal-
lery spacing of 32 Å (2h ¼ 2.728). Reference sam-
ples of 85/15 EVA-g-MA/clay and 85/15 LLDPE-g-
MA/clay were examined to characterize the ten-
dency of each compatibilizer by itself to interca-
late, showing significantly different gallery
heights of 42 and 29 Å, respectively. The EVOH/
clay systems containing 1, 5, and 10 wt % EVA-
g-MA exhibit characteristic peaks at 2.6, 2.5,
and 2.38 (d001 ¼ 33, 35, and 38 Å), respectively.
The gallery heights of the corresponding blends
containing LLDPE-g-MA are 34, 35, and 38 Å,
respectively, the same as obtained for the EVA-g-
MA. Although EVA-g-MA itself tends to inter-
calate more than LLDPE-g-MA and more than
EVOH, the final gallery heights were similar for
the two compatibilizers. When EVA-g-MA is
added there may be a competition between the
compatibilizer and the EVOH molecules regard-

ing the intercalation process. Therefore, in this
case, probably EVA-g-MA is also intercalated
and more EVOH remains outside the galleries
compared to the external content of EVOH when
LLDPE-g-MA is used.

Although no changes in thermal properties of
EVOH in EVOH/compatibilizer systems were
seen, significant changes have occurred when
both clay and compatibilizer were incorporated.
Surprisingly, when 1wt % of either compatibil-
izer was used, the interruption to the crystalli-
zation process was less pronounced than without
the compatibilizer, that is, the EVOH/clay sys-
tem (Table 1). In the case where 1wt % EVA-g-
MA was added, the EVOH crystallinity was
slightly higher than that without this compati-
bilizer. However, when increasing amounts of
compatibilizers of either type are used, the
interruption to the EVOH crystallization process
is more pronounced until at a certain concentra-
tion no crystallization occurs. This stems from
the high interaction levels developed between
the EVOH and the clay in the presence of the
compatibilizers; thus, ultimately, EVOH seg-
ments cannot crystallize. EVOH chains attached
to platelets are partially hindered from partici-
pating in the flow process and crystallization.
Moreover, the intercalation level increases for
higher compatibilizer contents; therefore, more
delamination and exfoliation occur, resulting in
more single platelets dispersion, which further

Figure 5. X-ray diffraction patterns of EVOH/clay
systems containing EVA-g-MA.11

Table 1. Torque Data in Extrusion of EVOH/clay
Composites

Composite Torque (N*m)

200 8C, 20 rpm
Neat EVOH 45–50
EVOHþ1%1.35L, 1st pass 105–115
EVOHþ1%1.35L, 2nd pass 150–190
EVOHþ1%1.35L, 3rd pass 110–150

200 8C, 40 rpm
Neat EVOH 50
EVOHþ0.5%1.35L, 1st pass 90–110
EVOHþ0.5%1.35L, 2nd pass 110–130
EVOHþ0.5%1.35L, 3rd pass 130–150
EVOHþ1%1.35L, 1st pass 270
EVOHþ1%1.35L, 2nd pass 70
EVOHþ1%1.35L, 3rd pass 80

220 8C, 40 rpm
Neat EVOH 20
EVOHþ1%1.35L, 1st pass 23
EVOHþ1%1.35L, 2nd pass 23
EVOHþ1%1.35L, 3rd pass 30
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reduces crystallization, and more EVOH chains
are confined in the galleries.

The different interaction levels of the compati-
bilizers with EVOH and the resulting fracturing
levels of the clay affect the storage moduli of the
blends. The fracturing/delamination processes
result in two opposing effects on the storage mod-
ulus. The first, common in nanocomposites,
increases the modulus due to the increased level
of polymer/clay interaction. The second, unique
to the presently studied EVOH matrix, results in
a modulus decrease due to the dramatic degree
of crystallinity drop, ultimately even to its elimi-
nation. It is concluded, based on the comprehen-
sive thermal analysis studied, that the degree of
crystallinity is playing a major role in the
mechanical behavior of the presently studied
EVOH nanocomposite systems.

LLDPE-g-MA is more effective than EVA-g-
MA in the reduction of the degree of crystallinity
in the EVOH/clay composites. Hence, LLDPE-g-
MA monotonically decreases the storage modulus
by increasing its content (Fig. 6). Differently,
EVA-g-MA initially increases the modulus and
subsequently at higher contents decreases the
modulus (Fig. 7).12 The difference between the
two compatibilizers in their effect on crystallin-
ity and the derived mechanical properties is not
obvious. It is suggested that LLDPE-g-MA pres-
ence leaves more crystallinity depressing ‘‘bare’’
clay surfaces than the EVA-g-MA. This is due to
the latter being a better intercalant, and the for-
mer therefore being at a higher content in the
matrix, external to the clay particles. Because
LLDPE-g-MA interaction with clay is lower than

EVA-g-MA’s, more bare clay surfaces are avail-
able for interaction with EVOH. This clay/
EVOH interaction is the one responsible for the
reduction in the degree of crystallinity, as shown
in Table 1.

Ny-6/EVOH/Clay

Nanocomposites based on organoclays dispersed
in immiscible polymer blends, namely Nylon-6
(Ny-6)/EVOH/clay, were also studied. Diagrams
of mixing torque versus time at 250 8C for neat
Ny-6 and neat EVOH, and their 50/50 blends
with and without clay are presented in Figure 8.
The EVOH torque decreases with time owing to
a gradual thermal degradation at the 250 8C
processing temperature, becoming practically
constant after 30 min of mixing. The Ny-6 tor-
que level is constant with mixing time. As for
the 50/50 Ny-6/EVOH blend, the torque levels
are higher than those of each of the neat constit-
uent polymers, and in fact, significantly increase
with mixing time. Literature reports on EVOH/
nylon blends processed in an extruder, charac-
terized by low residence times (several min),
describe the formation of intermolecular hydro-
gen bonds between the amide and hydroxyl
groups of Ny-6 and EVOH, respectively.22,23

Indeed, at the short mixing times, formation of
hydrogen bonds may be dominating; however,
for the longer mixing times (up to 45 min),
another mechanism seems to dominate, leading
to the significantly increasing torque level seen
already after about 20 min of mixing. It is

Figure 6. Storage modulus of EVOH/clay systems
containing EVA-g-MA.11

Figure 7. Storage modulus of EVOH/clay systems
containing LLDPE-g-MA.11
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important to note that although neat EVOH
undergoes reduction in melt viscosity, that is,
scission reactions, the torque of the 50/50 Ny-6/
EVOH blend significantly increases. Hence, a
chemical reaction between the polar groups of
the constituent polymers may be taking place,
in addition to the formation of hydrogen bonds,
as was recently suggested.9 Most likely at
250 8C chemical reactions have taken place
between EVOH hydroxyl groups and carboxyl
terminal groups of Ny-6. Surprisingly, the addi-
tion of clay to the 50/50 Ny-6/EVOH blend
results in lower torque levels, becoming more
pronounced for the higher clay content (Fig. 8),
although the torque still increases with mixing
time. The latter behavior may be interpreted by
considering the competition between several
mechanisms, that is, intercalation, exfoliation,
preferential localization of the clay in one of the
polymers and, as suggested, occurrence of chem-
ical reactions. Owing to the intercalation proc-
esses, which occur already after short mixing
times, less EVOH and Ny-6 chains are available
outside the clay galleries for chemical reactions
to take place, thus leading to the lower torque
levels (viscosity), compared with the torque lev-
els of the blend without clay, that is, 50/50 Ny-6/
EVOH blend (Fig. 8). Although after longer mix-
ing times fracturing processes and delamination
are taking place (verified by XRD and TEM),
leading to new availability of the neat polymers
outside the galleries, there might not be suffi-

cient time for them to chemically react during
melt mixing. Moreover, based on XRD and
TEM results, it seems that a larger clay fraction
is intercalated and surrounded by Ny-6 rather
than by EVOH; hence, the torque increase
is expected to be less significant, as seen in
Figure 9 for the neat polymers in the presence
of the clay.

As clay is added to the 50/50 Ny-6/EVOH
blend a competition between EVOH and Ny-6
regarding intercalation is taking place. When
1.5 wt % clay is added to the blend a complete
exfoliated structure is obtained. However, when
5 wt % clay is added to the blend there is a
shoulder-like peak at 2h ¼ 1.88, similar to the
location of the peak seen when 5 wt % clay is
added to neat EVOH. The peak is, however,
broader and lower in intensity suggesting more
exfoliated fraction compared to the case of only
EVOH with 5 wt % clay (Fig. 10). This is also
verified by TEM (Figs. 11 and 12) and implies
that in the 50/50/5 Ny-6/EVOH/clay system,
more Ny-6 chains are intercalated compared
with the amount of intercalated EVOH chains.
The clay is thus preferentially located within
the Ny-6 phase. This is also supported by the
result that addition of clay to the 75/25 Ny-6/
EVOH blend, where Ny-6 is the major compo-
nent, leads to an exfoliated structure irrespec-
tive of clay content, that is, 1.5 or 5 wt % (lack
of basal reflections, Fig. 10). Hence, the lower

Figure 9. Brabender plastograms of near 98.5/1.5
and 95/5 Ny-6/clay and 98.5/1.5 and 95/5 EVOH/clay,
at 250 8C and 20 rpm.14

Figure 8. Brabender plastograms of neat EVOH,
Ny-6, 50/50 Ny-6/EVOH, 50/50/1.5 and 50/50/5 Ny-6/
EVOH/clay, at 250 8C and 20 rpm.14
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the EVOH content in the blend is, the higher
the delamination level achieved. This is in
agreement with Ellis’s study8 on PA-6/EVOH
nanocomposites, who found that increasing the
content of EVOH in the blend (75 compared to
50 wt %) induces intercalation instead of exfoli-
ation owing to thermodynamic considerations.

Extrusion Processing of EVOH/Clay Systems

EVOH nanocomposites containing low clay con-
centrations processed by twin-screw extrusion
compounding were studied. In highly interacting
systems containing a polar matrix, such as
EVOH, the maximum clay content that can be
incorporated may be operationally limited. In the
present study, using the Brabender machine’s coun-
ter rotating intermeshing twin-screw extruder, a

Figure 11. TEMmicrographs of 50/50/5 Ny-6/EVOH/clay Brabender cell mixing, at 250 8C for 50 min (bar¼ 50min).14

Figure 10. X-ray diffraction patterns of neat clay,
98.5/1.5 and 95/5 Ny-6/clay and 98.5/1.5 and 95/5 EVOH/
clay Brabender cell mixing, at 250 8C for 50 min.14
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high torque level was developed, which enabled
the use of up to 1 wt % clay. To explore the effect
of the processing residence time on the composite
properties, materials were reinserted into the
extruder for three successive passes. Already
after the first extrusion pass, the torque was very
high (Table 2), indicating that clay particles were
fractured and exfoliated.

The XRD diffraction pattern of composites
processed at 200 8C and 20 rpm exhibited no
clay reflections already after the first extrusion
pass (not shown here). The composite processed
at 200 8C and 40 rpm had an exfoliated struc-
ture (no characteristic basal reflection peak);
however, the low reflection intensity after the
first pass further decreases by the additional
extrusion passes (Fig. 13). Because at 40 rpm
the residence time is half that of at 20 rpm, the
longer residence times in the former (second
and third passes) result in higher delamination
and platelets dispersion. Another factor contri-

buting to the higher delamination level is the
higher stress developed at the elevated rota-
tional speed. Figure 14 shows a representative
TEM micrograph for EVOH containing 1 wt %
clay processed at 200 8C and 40 rpm, after the
first extrusion pass. Delaminated platelets
marked by arrows are embedded in the EVOH
matrix. Figure 14(a) and (b) represent different
regions in the sample. More regions were
observed (not shown here), showing the same
morphology, in agreement with the X-ray dif-
fraction results.

Extrusion residence time, three successive
extrusion passes, screw rotational speed, and
the processing temperature were all found to
affect the morphology and the associated ther-
mal and mechanical properties.13 For the compo-
sites processed at 200 8C, regardless of clay type
or content, the tensile modulus and strength
substantially increased relative to the neat EVOH,
without impairing the Izod impact resistance. The

Table 2. Thermal Characteristics of EVOH/Clay/Compatibilizer Nanocomposite
Systems Containing EVOH and 15 wt % Clay

Tc (8C) DHc (mW/g) Tm (8C) DHm (mW/g)

EVOH 160 60 180 82
EVOHþ15%clay 341 29 156 32
1% EVA-g-MA 158 35 166 41
5% EVA-g-MA 132 30 159 34
10% EVA-g-MA — 0 — 0
1% LLDPE-g-MA 157 30 162 35
5% LLDPE-g-MA 98 15 135 20
10% LLDPE-g-MA — 0 — 0

Figure 12. TEM micrographs of 50/50/1.5 Ny-6/EVOH/clay Brabender cell mixing
at 250 8C for 50 min (bar ¼ nm).14
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modulus and yield strength increase upon the
addition of only 0.5 wt % organoclay by 40 and
30%, respectively. Such significant improve-
ments for this low clay content, are achieved by

the exfoliated clay platelets without an opposing
effect of EVOH crystallinity drop at this very
low clay content.

CONCLUSIONS

1. EVOH is a unique polymeric matrix in
organoclay–nanocomposites owing to the
strong EVOH/clay interaction level de-
veloped.

2. The general accepted notion that intercala-
tion is a preceding step to exfoliation is not
necessarily valid in the melt-processed
EVOH-based systems, where the dynamic
high shear forces may lead to peeling off
individual platelets.

3. Dynamic melt mixing of EVOH/organoclay
mixtures is accompanied by high mixing
torque levels owing to clay particle fractur-
ing, intercalation, and delamination proc-
esses and the buildup of significant levels
of polymer/clay interaction, thus requiring
only low clay contents for properties modi-
fication.

Figure 14. TEM micrographs of 99/1 EVOH/clay composite after first extrusion
pass at 200 8C and 40 rpm, and injection molding at 200 8C.14

Figure 13. X-ray diffraction patterns of 99/1 EVOH/
1.35L clay composite after first, second, and third
extrusion passes at 200 8C and 40 rpm, and injection
molding at 200 8C.14
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4. Mixed clay morphology of intercalation and
delamination, or complete exfoliation can be
achieved, depending on blending conditions.

5. Competition between the clay platelets
reinforcing effect and degree of crystallin-
ity depression determine the final physical
and mechanical behavior of the nanocom-
posites.

6. When incorporating clay into a multicom-
ponent system, considerations such as the
nature of the blend components and their
physical properties, the blend composition,
clay content, and extent of interaction of
the components are significant parameters
in determining the clay particles location,
and the structure and resultant properties
of the systems.

7. From a practical point of view EVOH/clay
nanocomposites may be engineered and
their properties tailored, according to pro-
ceesing conditions.
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