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ABSTRACT: Nanocomposites of organophilic montmoril-
lonite clay (OMMT) and polyepichlorohydrin (PECH) were
intercalated by a solvent-casting method using dichlo-
romethane as a solvent. The intercalation of PECH segments
in the interlayers of the clay was confirmed by X-ray diffrac-
tion, and the intercalation spacing was calculated. The in-
crease in the onset temperature of the thermal degradation
indicated the enhancement of thermal stability of PECH due
to intercalation. Rheological properties of the PECH/OMMT
nanocomposites were investigated using a rotational rheo-
meter in a steady shear mode. The steady shear viscosity

increased with the clay loading, and the shear thinning
viscosity data were fitted well with the Carreau model. From
the normalized shear viscosity analysis, a critical shear rate
that is a crossover from a Newtonian plateau to a shear
thinning region was found to approximately equal the in-
verse of the characteristic time of the nanocomposites. © 2002
Wiley Periodicals, Inc. J Appl Polym Sci 86: 3735–3739, 2002
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INTRODUCTION

Polymer nanocomposites are a new class of compos-
ites that are particle-filled polymers for which at least
one dimension of the dispersed particles is in the
nanometer range.1–5 In particular, polymer-layered
silicate (PLS) nanocomposites belong to this category.
Compared with the conventional microcomposites,
PLS nanocomposites possess superior properties be-
cause of the maximized interfacial adhesion arising
from the size characteristics of the silicate particles.
These nanocomposites exhibit improved moduli, de-
creased thermal expansion coefficient, decreased gas
permeability, increased swelling resistance, and en-
hanced ionic conductivity when compared with the
pristine polymers,6–10 presumably because of the
nanoscale structure of the nanocomposite and the syn-
ergism between the polymer and the silicate particles.
The layered silicates commonly used in polymer
nanocomposites belong to the structural family
known as the 2 : 1 montmorillonite (MMT),11 and the
MMT has a high swelling capacity that is essential to
achieve an efficient intercalation of the polymer12 in
the layered silicate. Because the interlayer of the pris-
tine MMT is covered with sodium cation, the hydro-
philicity is enhanced and could lead to high degree of
swelling in water if an aqueous system is used during
the intercalation procedure. Therefore, the emulsion

system containing an aqueous medium can maximize
the affinity between the hydrophilic host in the clay
and the hydrophobic guest of the monomer by the
action of the emulsifier. Various polymer/clay nano-
composites created by emulsion polymerization have
been reported; for examples, polyaniline,13,14 poly-
(methyl methacrylate),15 and styrene/acylonitrile co-
polymer.16,17

On the other hand, to render these hydrophilic
MMT more organophilic, the hydrated cations of the
interlayer can be exchanged with cationic surfac-
tants,18,19 such as alkylammonium or alkylphospho-
nium ions (onium). As the modified clay (or organo-
clay) becomes organophilic, its surface energy is low-
ered and it becomes more compatible with organic
polymers. These polymers can then be intercalated
within the galleries, and this characteristic provides a
way to prepare the rubber/clay nanocomposites in
this study.

In general, rubber is a high molecular weight poly-
mer with a very high viscosity in the processing state.
Several rubbery polymer/clay nanocomposites have
been investigated. Kojima et al.20 prepared the buta-
diene–acylonitrile copolymer/clay mixture by sol-
vent-casting and then obtained the rubber/clay nano-
composite by mixing the clay intercalated with buta-
diene–acrylonitrile copolymer with the nitrile rubber
under crosslinking conditions. Poly(styrene-b-buta-
diene) copolymer/clay nanocomposites have also
been obtained with dioctadecyldimethyl ammonium
MMT using a similar approach.21

Adopting a latex method, Wang et al.22 recently
reported that clay could be dispersed in the rubber
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matrix, such as styrene–butadiene latex and styrene–
vinylpyridine–butadiene latex, and that the clay could
be used as a promising reinforcing agent in the rubber
industry if it was dispersed on a nanometer scale.
Furthermore, Yano and co-workers23 found that the
total path of the gas stream in the polyimide/organo-
clay nanocomposite film became much longer than
that in the polyimide film using a conceptual equation
proposed earlier. If the same equation is applied to our
PECH/organoclay nanocomposite system, the total
path of the gas stream in the nanocomposite film
becomes 6.45 times that in the pristine polyepichloro-
hydrin (PECH).

In this study we prepared a new series of nanocom-
posites based on PECH and an organophilic clay
(Cloisite25A) using a solvent-cast method, and then
examined their thermal and rheological characteris-
tics.

EXPERIMENTAL

Materials

PLS nanocomposites with organophilic clay and rub-
bery PECH were prepared by a solvent-cast method.
PECH was purchased from Scientific Polymer Prod-
ucts (Ontario, NY) with an weight-average molecular
weight (Mw) of 700,000 and a density of 1.36 g/cm3.
The uncrystallizable, rubbery PECH, which is a ho-
mopolymer of epichlorohydrin, is a useful rubber that
has an excellent resistance to ozone, oils, heat, and
weathering, and also has a very low gas permeability.
Recently, PECH has been reported to be miscible with
biodegradable polymers such as polyhydroxybuty-
late24 and synthetic aliphatic polyester.25,26 Dichlo-
romethane from Sam-Chun Chemical (Korea) was
used without any purification. The commercially
available organophilic clay (Cloisite 25A) produced by
Southern Clay Products (Gonzales, TX) was used as
the layered silicate in which the pristine Na�-MMT
was treated by a cation-exchange reaction with di-
methyl hydrogenated-tallow (2-ethylhexyl) quater-
nary ammonium methylsulfate. Organoclay was dried
under vacuum at 100°C prior to use to remove the
residual water completely. Wide-angle X-ray scatter-
ing (WAXS) using a rotating anode source was used to
investigate the insertion of PECH between the clay
layers, and differential scanning calorimetry (DSC)
was used to measure the glass-transition temperature.

Nanocomposite preparation

The polymer/clay nanocomposites are known to be
greatly dependent on the dispersion behavior of the
MMT particles. Thus, organoclay was dispersed in 200
mL of dichloromethane and sonicated for 60 min with
an ultrasonic generator (Kyung-Ill ultrasonic Com-

pany, Korea) consisting of magneto strictive probe-
type transducers (vibrator) operated at a nominal fre-
quency of 28 kHz and equipped with a temperature
controller. The mixture of 0.4 g of organoclay and 200
mL of dichloromethane was stirred for 48 h at room
temperature. Simultaneously, 19.6 g of PECH was
added to 300 mL of dichloromethane and stirred for
48 h at room temperature. The two solutions were
then mixed together. After stirring vigorously for 48 h
at room temperature, the solution mixture was poured
into a glass Petri dish. Three samples of nanocompos-
ites, marked PECL 2, PECL 5, and PECL 10, were
prepared employing 2, 5, and 10% by weight, respec-
tively of the organophilic clay with respect to the total
nanocomposite weight.

Characterization

X-ray diffraction (XRD), which is widely employed for
the characterization of nanocomposites, verified the
insertion of PECH between the layers of clay. A
Guinier focusing camera, with a quartz crystal mono-
chromator in a Philips PW1847 X-ray crystallographic
unit and fitted with a copper target, was used (40 kV,
20 mA) to record X-ray patterns in the range 2� � 1.5–
10° with a scan rate of 2°/min. Amount of polymer
loading was measured by thermogravimetric analysis
(TGA) using a Polymer Laboratories TGA1000.

Rheological behavior in a steady shear flow field is
known to be related to the extent of the distortion/
deformation of nanocomposites. Despite its impor-
tance, the rheological behavior of polymer/clay nano-
composites as a function of the intercalated/exfoliated
structure has not been well studied.27,28 For a steady
shear strain experiment, we used a Physica MC120
(Germany) rotational rheometer with a parallel plate
geometry (25-mm diameter plates) at 200°C. Steady
shear viscosity was obtained as a function of the shear
rate in the CSR (controlled shear rate) mode.29

RESULTS AND DISCUSSION

The variation of the (001) d-spacing of the clay inter-
layer of the nanocomposites, which was calculated
from the observed peaks by using the Bragg formu-
la,30 is shown in Figure 1. The interlayer spacing in-
creased from 18.4 Å for the base distance of the clay
itself to 59.3, 69.4, and 68.9 Å for PECL2, PECL5, and
PECL10 nanocomposites, respectively, due to the in-
sertion of the PECH. The d-spacing of 18.4 Å for the
OMMT is greater than that of the pristine Na�-MMT
(9.7 Å),8 which would ease the intercalation of mono-
mer or polymer molecules in the clay layers. The
increased d-spacing would also lead to easy dissocia-
tion of MMT, resulting in hybrids with better disper-
sion of clay particles.
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The TGA thermograms for PECH and nanocompos-
ites are shown in Figure 2. The onset of thermal de-
composition of nanocomposites shifted significantly
toward higher temperatures compared with that of
PECH, which confirms the enhancement of thermal
stability of the intercalated PECH. The decomposition
onset temperatures of the PECH/OMMT nanocom-
posites for PECL 2 and PECL 5 were 326 and 328°C,
respectively, and they are higher than that of PECH
(268°C). The shift of the onset temperature of the
thermal degradation might indicate a decrease in per-
meability for oxygen or volatile degradation products,
which could be due to the action of the homoge-
neously incorporated and distributed clay sheets.31

Indeed, the nanoscale MMT layers may prevent the

diffusion of volatile decomposition products, and the
pathways of volatile decomposition products can in-
crease significantly in the PECH/OMMT nanocom-
posites.31 These phenomena may be the reason why
the PECH/OMMT nanocomposites exhibit higher
thermal stability than pure PECH. The thermal behav-
ior of the PECH/OMMT nanocomposites are consis-
tent with the earlier report32 that the intercalated poly-
mers affect the thermal properties of the layered host.

The steady shear viscosities measured in the molten
state at 200°C for pure PECH and PECH/clay nano-
composites with different amounts of OMMT clay
loading are shown in Figure 3. The shear viscosities of
PECH/clay nanocomposites are higher than that of
pure PECH, regardless of the OMMT loading. This
enhancement arises because of the interaction and
dispersion of organophilic clay in the polymer matrix,
which appears to provide resistance to flow and de-
formation of the molten polymer. According to these
results, clay particles in the PECH/clay nanocompos-
ite are considered to be homogeneously dispersed.
The shear viscosity increased substantially with the
clay content at low shear rates. On the other hand, at
high shear rates, the nanocomposites display a rapid
shear-thinning behavior that is comparable to that of
the pure polymer because the entanglement of poly-
mer chain and the arrangement of clay particles are
not permanent and they can be altered under flow and
during relaxation processes.33,34 Similar steady shear
rheological behavior has been also investigated for a
series of intercalated poly(dimethyl-diphenyl silox-
ane)-layered silicate (dimethyl-ditallow MMT) nano-
composites with varying silicate loadings.35

To investigate the dependence of the shear viscosity
(�) on the shear rate (�̇), we fitted the measured shear
viscosity to the Carreau model36 given in the follow-
ing equation:

Figure 1 X-ray diffraction patterns of organoclay and
nanocomposites.

Figure 2 TGA thermograms for pure PECH and nanocom-
posites.

Figure 3 Steady shear viscosity of pure PECH as a function
of shear rate. (Lines represent the curve-fitting results based
on eq. 1.)
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� �
�0

�1 � ��̇��2��1�n�/2 (1)

where �0 is the zero shear rate viscosity, � is the
characteristic time, and n is a dimensionless parame-
ter. The slope in the power-law region is given by n
� 1. Note that in the special case of n � 1 or �̇� 3 0,
this model reduces to the Newtonian fluid model pos-
sessing constant viscosity, and if n � 1, the model
predicts a shear-thinning behavior.37 The values of �0
and � that were obtained from the curve fitting of the
experimental data in Figure 3 to eq. 1 are listed in
Table I. In Figure 3, the shear-thinning behavior and
the zero shear rate viscosity drastically increased with
the clay loading of 10 wt %. A transition from the low
shear plateau to the power-law behavior was also
evident, which may be due to alignment and orienta-
tion of clay particles.38 The shear thinning viscosities
of biodegradable aliphatic polyester/poly(vinyl ace-
tate) blends,39 poly(3-hydroxybutyrate) and PEO
blends,40 and poly(ethylene oxide)–clay nanocompos-
ites33 have been reported to fit well with the Carreau
model.

The normalized shear viscosities (shear viscosity
divided by the corresponding zero-shear viscosity �0,
which was obtained from the Carreau model) as a
function of the shear rate, demonstrating a Newtonian
plateau at low shear rates and a power-law behavior
at high shear rates, are shown in Figure 4. For PECH/
OMMT in the melt state, a crossover from a Newto-
nian plateau to a shear-thinning region occurs at a
critical shear rate, �̇c.

41 Furthermore, �̇c is approxi-
mately equal to the inverse of the characteristic time of
the PECH/OMMT nanocomposite, which is the long-
est relaxation time required for the elastic structures of
the PECH/OMMT nanocomposite. The values of �̇c
are 0.092, 0.121, 0.084, and 0.015 s�1 for PECH, PECL
2, PECL 5, and PECL 10, respectively. We found that
there is a strong correlation between � and �̇c for
PECH/OMMT. We could postulate that ��̇c is a uni-
versal constant with a value of 0.3, where � depends
on both the clay volume fraction and its nanostruc-
ture. The constant value of ��̇c � 0.3 is illustrated in
Figure 4. A similar concept has been introduced to
describe an anomalous lateral migration of a rigid
sphere in a torsional flow.42 Although the exact mech-
anism that causes shear-thinning is not fully under-

stood, we conjecture that it might be due to the orien-
tation of silicate layers and polymer coils under shear.
With increasing the shear rates, the conformations of
the intercalated chains are expected to change as the
coils align parallel to the direction of the flow.43–45

CONCLUSIONS

We prepared the rubbery PECH/organoclay nano-
composites and examined the change in the clay in-
terlayer spacing as a function of the clay loading. The
thermal stability of the PECH/organoclay nanocom-
posite increased with the clay content. From the rheo-
logical measurements, an increase in the shear viscos-
ity of nanocomposites was observed with an increase
in the organoclay loading. Furthermore, the PECH/
organoclay nanocomposite exhibited more rapid shear
thinning behavior than pure PECH, which might re-
sult from the reorientation of dispersed clay particles.
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