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ABSTRACT: Ethylene–vinyl acetate (EVA) copolymers/
clay nanocomposites, prepared by using nonreactive or-
ganophilic clay and reactive organophilic clay, were charac-
terized by X-ray diffraction and by high-resolution transmis-
sion electron microscopy. The influence of gamma
irradiation on the structure and properties of the pure EVA
and EVA/clay nanocomposites was systematically investi-
gated. In the presence of gamma radiation, the clay can
effectively restrain the increase of the storage modulus of
EVA/clay nanocomposites, which was supported by dy-

namical mechanical analysis. Gamma irradiation had almost
no effect on the thermal properties of EVA/clay nanocom-
posites by using nonreactive organophilic clay, but it obvi-
ously improved the thermal stability of EVA/clay nanocom-
posites by using reactive organophilic clay. © 2005 Wiley
Periodicals, Inc. J Appl Polym Sci 98: 2532–2538, 2005
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INTRODUCTION

Polymers are susceptible to deterioration during their
use, especially in the presence of UV light or gamma
irradiation. Many useful properties of polymers suffer
gradual loss until, ultimately, the polymers become
useless. In general, to retain the original good proper-
ties for a very long time, many methods were adopted
such as blending stabilizers and coating the surface of
the polymer. By these methods, the deterioration of
the polymers can be slowed down to only a certain
degree, although some other properties of the poly-
mers may be damaged.

In recent years, polymer/clay nanocomposites have
gained substantial interest in many research fields.1–4

Compared with the pure polymer and microcompos-
ites, polymer/clay nanocomposites can exhibit en-
hanced mechanical,5,6 thermal,7–9 and barrier10,11

properties. Many previous studies have focused on
these properties because these nanocomposites have
great promise in such applications as coating, flame–
retarding, barrier, and electronics materials. There are
only a few works published on the new properties of
these nanocomposites such as environmental stabil-

ity.12,13 EVA is a copolymer of ethylene and vinyl
acetate and is widely used in many fields such as
coating, shoeing, and telecommunication cable. In the
past several years, the preparation methods and ther-
mal and mechanical properties of EVA/clay nano-
composites have been widely studied.14–16

Like other polymers, EVA is also susceptible to
crosslinking and main-chain scission during long-
term use. In the study reported in this article we
selected two different organclays to prepare EVA/
clay nanocomposites. We mainly studied the effects of
gamma radiation on the morphology and the proper-
ties of the two kinds of EVA/clay nanocomposites.

EXPERIMENTAL

Materials

EVA copolymer, containing 28 wt % vinyl acetate
(VA), was supplied by Bayer AG (Leverkusen, Ger-
many). Pristine sodium montmorillonite (Na-MMT),
with a cation exchange capacity (CEC) value of about
100 mmol/100 g (Ling An Chemicals Co. Ltd., Hang-
zhou, China), was used as received. 2-(Dimethyl-
amino) ethyl methacrylate, hexadecyltrimethylammo-
nium bromide (HAB), 1-bromohexadecane, and ethyl
acetate were all purchased from Shanghai Chemical
Reagents Co. (China).
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Preparation of reactive clay-modifying agents for
clay

The reactive clay-modifying agent 2-methacryloyloxy-
ethylhexadecyldimethylammonium bromide (MHAB)
was synthesized by the quaternization reaction as
shown in Scheme 1.17 2-(Dimethylamino) ethyl
methacrylate and 1-bromohexadecane (2:1 molar ra-
tio) were reacted at 30°C for 24 h, in the presence of
3000 ppm inhibitor hydroquinone monomethyl ether.
The product is insoluble and thus precipitates. The
white powderlike precipitant was purified by filtering
and by washing with ethyl acetate, after which it was
dried under vacuum at ambient temperature for 24 h.

Preparation of organophilic clay

The organophilic montmorillonite (OMMT) was pre-
pared through cationic exchange between Na-MMT
and a clay-modifying agent in an aqueous solution.
The suspension solution, containing 12.5 g of Na-
MMT and 4.6 g of HAB, was mixed in 240 mL of
distilled water. The suspension solution was stirred at
room temperature for 24 h, after which the exchanged
Na-MMT was filtered and washed with distilled water
for several times until no bromide ion was detected
with 0.1M AgNO3 solution. Then the product was
dried in a vacuum oven at room temperature for 24 h.
The obtained OMMT was ground with a mortar and
sieved by a Cu griddle with 280 mesh. This OMMT
was denoted as HOM. By the same preparation
method, the other OMMT, denoted as DHOM, was
prepared from the exchange of 12.5 g of Na-MMT with
5.8 g of MHAB.

Preparation of EVA/clay nanocomposites

The EVA was first mixed with the 10 wt % OMMT in
a rubber mill at 120°C and 32 rpm for 3 min, and
another 10 min at 64 rpm. After mixing, the samples
were hot-pressed for 3 min at 140°C under 10 MPa to
form layers of suitable thickness. The size and thick-

ness of the layers depend on the testing methods used
in the present study.

Irradiation

EVA/OMMT nanocomposites samples were irradi-
ated at room temperature in a vessel under atmo-
spheric oxygen, with the 2.22 � 1015 Bq 60Co �-ray
source. The dose rate was 65 Gy/min, and the range of
dose was from 25 to 250 kGy. The irradiation doses
were measured by a ferrous sulfate dosimeter.

Characterization

X-ray diffraction patterns were obtained by using a
D/max � X-ray diffractometer (XRD; Rigaku Denki,
Tokyo, Japan), equipped with graphite monochroma-
tized Cu–K� radiation (� � 0.154178 nm). The scan-
ning range was 1.5–10o at a scanning rate of 2o/min.

The microstructure of nanocomposites was imaged
using a 2010 EX high-resolution transmission electron
microscope (HRTEM, JEOL, Tokyo, Japan). The sam-
ples for HRTEM were cut to 60 nm thick sections with
a diamond knife.

Dynamic mechanical analysis (DMA) was carried
out on a DMTA IV instrument (Rheometric Scientific,
Piscataway, NJ) at a frequency of 1 Hz and heating
rate of 2°C/min, from �50 to 80°C, at which the
sample lost its dimensional stability.

The gel fraction was measured by extraction in boil-
ing xylene for 72 h using a Soxhlet extractor, until the
sample attained a constant weight. The gel fraction
was calculated by the equation: gel fraction � (w2
� w0)/(w1 � w0), where w1 is the initial weight of the
sample, w2 is the weight of the insoluble portion, and
w0 is the weight of organoclay in the sample.

RESULTS AND DISCUSSION

Characterization of the structure of EVA/clay
composites

Figure 1 shows the wide-angle X-ray diffraction
curves of Na-MMT, HOM, EVA/HOM nanocompos-
ites, and irradiated EVA/HOM nanocomposites. The
basal spacing of the pristine Na-MMT was 1.33 nm,
calculated from the peak position using the Bragg
equation. After Na-MMT was modified with the HAB,
its broad diffraction peak was shifted to a new peak at
4.45o (d � 1.98 nm), corresponding to the diffraction
peak of HOM, which indicates that the organic qua-
ternary ammonium salt has intercalated between the
layers of the clay and increased the basal spacing of
the clay. The weak peak for EVA/HOM nanocompos-
ites indicates that the order of clay sheets was dis-
turbed and seems partially exfoliated. Although EVA
contains 28 wt % VA, this VA content is not enough to

Scheme 1 Synthesis of the reactive intercalating agent
MHAB.
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confer to the EVA chains good flexibility and polarity
to interact with HOM. Moreover, the basal spacing of
the HOM is too narrow. Thus, by melt-blending, only
some of the chains of EVA were wedged between the
clay layers and thus the orderly structure of HOM was
damaged. When the temperature becomes low, some
chains perhaps move out from the clay layers because
the chains of EVA crystallize. Thus, the XRD pattern of
EVA/HOM verifies only that the orderly structure of
clay layers was disturbed; in fact, the clay layers did
not have adequate interaction with the EVA chains.

The structure of these nanocomposites, designated
“wedged” nanocomposites, can be conformed by its HR-
TEM [see Fig. 3(a) below]. There is a big tactoid in this
image, which is composed of many disordered layers of
the clay. We clarified this structure in our previous
study.18 When EVA/HOM was irradiated with 100 kGy,
part of the EVA28 chains began to degrade and
crosslink. Then the peak of irradiated EVA/HOM be-
came much broader because movement of the EVA
chains further damaged the order of clay layers.

Figure 2 illustrates XRD patterns of DHOM, EVA/
DHOM nanocomposites, and irradiated EVA/DHOM
nanocomposites. The diffraction peak of DHOM is at
2.54o (d � 3.47 nm). The basal spacing of the DHOM is
wider than that of HOM because the modified-clay
agent contains another larger substituent.

The diffraction peak of EVA/DHOM nanocompos-
ites is much more intense than that of EVA/HOM
nanocomposites and the periodicity of diffraction is
also clearer because the clay layers are still parallel to
each other. These nanocomposites are thus called in-
tercalated nanocomposites with respect to their struc-
ture. Because the spacing of the DHOM is much wider
than that of HOM, the EVA28 chains are easily dis-
persed between the clay layers, and then the clay
layers are well dispersed in these nanocomposites.
This structure also appeared in its HRTEM [Fig. 3(b)].
We find that the XRD pattern of EVA/DHOM nano-

composites irradiated with 100 kGy is identical to that
of nonirradiated EVA/DHOM nanocomposites, im-
plying there is almost no effect of gamma radiation on
the morphology of EVA/DHOM nanocomposites. Be-
cause the clay layers have a good dispersion in these
nanocomposites, the clay layers can effectively de-
crease the degree of degradation and crosslinking and
restrict the movement of the EVA chains.

Dynamic mechanical analysis of EVA/clay
composites

Figure 4 illustrates the dynamic storage modulus (E�)
as a function of the temperature for pure EVA, EVA/
HOM nanocomposites, and EVA/DHOM nanocom-
posites before and after irradiation. For the pure EVA
[Fig. 4(a)], its dynamic storage modulus at 100 kGy is
slightly lower than that of the nonirradiated sample
below its glass-transition temperature (Tg). Then at
around its Tg, the E� is almost the same as that of the
nonirradiated sample. When the temperature is fur-
ther increased, between �14 and 50°C, the E� is again
lower than that of the nonirradiated sample.

This same trend of dynamic storage modulus also
occurs for the EVA/HOM nanocomposites at 100 kGy
[Fig. 4(b)], a phenomenon that likely occurs because
EVA undergoes mainly main-chain rupture despite
the low dose. The influence of oxygen is very impor-
tant in the course of radiolytic reactions. Many poly-
mers of the crosslinking type, such as polyethylene,19

polypropylene,20 and polystyrene,21 undergo mainly
main-chain rupture in oxygen or air even at low doses.
Although there is no tetrasubstituted carbon in the
backbone of EVA, it still can undergo main-chain rup-
ture, which results from the oxygen brought into the
EVA matrix during melt-blending and irradiation. For
EVA/DHOM nanocomposites [Fig. 4(c)], however,
the double bonds in the intercalating agent of DHOM
can react with the broken chains of EVA under radi-

Figure 2 X-ray diffraction of DHOM, EVA/DHOM nano-
composites, and EVA/DHOM nanocomposites irradiated
with 100 kGy.

Figure 1 X-ray diffraction of Na-MMT, HOM, EVA/HOM
nanocomposites, and EVA/HOM nanocomposites irradi-
ated with 100 kGy.
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ation and the reaction can make up for the decrease of
its E� stemming from the main-chain rupture in the
air. This is the reason that the E� of EVA/DHOM
nanocomposites irradiated at 100 kGy is slightly
higher than that of the nonirradiated samples.

When the radiation dose further increases to 200
kGy, the E� of the pure EVA is obviously higher than
that of the nonirradiated sample and that of the irra-
diated at 100 kGy at the range of experimental tem-
perature [Fig. 4(a)] because the crosslinking reaction
becomes predominant. However, it is surprising to us
that the E� of the EVA/HOM nanocomposites is still
slightly lower than that of the nonirradiated samples
below their Tg values at this dose, and that it becomes
slightly higher than that of the nonirradiated sample
only at temperatures beyond �15°C [Fig. 4(b)], possi-
bly because the layers of HOM can absorb a large
amount of radiation dose. These orderly layers of the
clay are like shields, which effectively protect the
chains of EVA from being irradiated. This phenome-
non also occurs for EVA28/DHOM nanocomposites.
The E� of EVA/DHOM nanocomposites irradiated by
200 kGy is slightly higher than that of nanocomposites
irradiated by 100 kGy below their Tg values [Fig. 4(c)].
This is also because the clay layers are well dispersed
in the nanocomposites and can absorb a large amount
of radiation dose. Thus, the clay layers can effectively
prevent the chains from crosslinking.

The loss tangent (tan �) of pure EVA, EVA/HOM
nanocomposites, and EVA/DHOM nanocomposites
before and after irradiation are shown in Figure 5. The

peak of the tan � curve corresponds to the main relax-
ation processes, and the temperature at the main re-
laxation is taken as Tg. When the sample is irradiated
at 100 kGy, the Tg values of the pure EVA and EVA/
HOM nanocomposites are almost the same as those of
the nonirradiated samples [Fig. 5(a) and (b)]. This is
also because there is only a partial degradation of
EVA, which has almost no effects on the Tg values.
When the dose is increased to 200 kGy, the Tg of the
pure EVA obviously shifts toward higher tempera-
tures. For the EVA/HOM nanocomposites, however,
the Tg only slightly shifts to a higher temperature,
indicating that the clay layers can effectively prevent
the EVA chains from crosslinking. For EVA/DHOM
nanocomposites [Fig. 5(c)], at 100 kGy, its Tg obviously
shifts toward higher temperature because some chains
were grafted onto the surface of the clay layers. The
clay layers can effectively restrict the movement of the
chains when the temperature increases. When the ra-
diation dose was further increased to 200 kGy, the
double bonds of the intercalating agent of the DHOM
were exhausted. The Tg of EVA/DHOM nanocompos-
ites at 200 kGy also only slightly shifted to higher
temperature because the clay layers have good disper-
sion in the nanocomposites and the clay layers can
protect the chains from being decomposed.

Gel fraction of EVA/clay nanocomposites

Figure 6 shows the gel fraction of pure EVA and
EVA/clay nanocomposites with different contents of

Figure 3 HRTEM of EVA/clay nanocomposites (at �120,000, 50-nm scale): (a) EVA/HOM nanocomposites; (b) EVA/
DHOM nanocomposites.
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HOM: 3 wt % (3HOM), 5 wt % (5HOM), and 10 wt %
(10HOM). It can be seen that, as expected, the gel
fraction increases with increasing radiation doses. It
was surprising to us that the higher the content of
HOM is, the more slowly the gel forms. When the dose
is 25 kGy, a 55% gel formed for pure EVA, but only
about 31% gel formed for the EVA/HOM nanocom-
posites with 10 wt % HOM because HOM protects the
EVA chains from decomposition.

The sol fraction (s) of a radiation crosslinked poly-
mer can be correlated to the inverse of the irradiation
dose following the Charlesby–Pinner equation22:

s � s1/2 � p0/q0 � 10/�q0UD�

where U is the number-average degree of polymeriza-
tion, p0 is the fracture density per unit dose (kGy�1), q0
is the density of crosslinked units per unit dose
(kGy�1), and D is the radiation dose (kGy). According

Figure 5 Tan � of pure EVA and EVA/clay nanocompos-
ites irradiated with different doses: (a) pure EVA; (b) EVA/
HOM nanocomposites; (c) EVA/DHOM nanocomposites.

Figure 4 Storage modulus of pure EVA and EVA/clay
nanocomposites with different doses: (a) pure EVA; (b)
EVA/HOM nanocomposites; (c) EVA/DHOM nanocom-
posites.
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to the Charlesby–Pinner equation, there is a linear
correlation between (s � s1/2) and 1/D (Fig. 7). This
equation can be used to quantificationally predict the
variation of the sol fraction according to the radiation
dose to which EVA/clay nanocomposites are exposed.

Thermal gravimetric analysis of EVA/clay
composites

The TGA thermograms of EVA/clay nanocomposites
are shown in Figure 8. The thermal degradation tem-
perature of EVA/clay nanocomposites undergoes two
stages. The first is attributed to the elimination of
acetate groups, which occurs between 310 and 400°C.
The second is the main-chain degradation. At 100 kGy,
we find that the onset decomposition temperature of
the irradiated EVA/HOM nanocomposites is almost
the same as that of the nonirradiated sample [Fig.
8(a)]. When the radiation dose increases to 200 kGy,

however, the onset decomposition temperature of ac-
etate groups becomes slightly lower. This perhaps
occurs because more acetate groups were removed
from the main chain with increasing dose, although
the main chain is crosslinking. However, for EVA/
DHOM nanocomposites, the onset decomposition
degradation is obviously improved perhaps as a result
of the reaction between the modifying-clay agents and
the acetate groups, which effectively enhanced the
thermal stability of the acetate groups [Fig. 8(b)].
Moreover, when the radiation dose was further in-
creased, there is almost no increase for the decompo-
sition temperature of acetate groups because the dou-
ble bonds were exhausted. However, the decomposi-
tion temperature of the main chains is slightly
increased, only because of the crosslinking reaction of
main chains.

CONCLUSIONS

Under radiation, the orderly layers of clay in the
EVA/HOM nanocomposites become much more dis-
ordered. For EVA/DHOM nanocomposites, however,

Figure 6 Gel fraction versus the radiation dose for pure
EVA and EVA/HOM nanocomposites with different
amounts of HOM.

Figure 7 Plot of ln(s � s1/2) versus ln(1/D) for pure EVA
and EVA/HOM nanocomposites with different amounts of
HOM.

Figure 8 TGA thermograms of EVA/HOM nanocompos-
ites and EVA/DHOM nanocomposites with different doses
of radiation: (a) EVA/HOM and (b) EVA/DHOM nanocom-
posites.
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the structure is hardly affected by radiation. Com-
pared to the storage modulus of the pure EVA and
EVA/clay nanocomposites before and after irradia-
tion, the crosslinking reaction of EVA/clay nanocom-
posites can effectively be prevented by clay. This is
because the clay layers can absorb a large amount of
radiation dose, as a shield protecting the EVA chains
from being irradiated. Moreover, for EVA/DHOM
nanocomposites, the thermal elimination temperature
of acetate groups of EVA is obviously improved be-
cause the modified-clay agent can react with the EVA
chains under radiation. Of course, the process may
occur for other polymer/clay nanocomposites, when
they are exposed to radiation such as UV light, gamma
radiation, or electronic beams in air.
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