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Influence of clay concentration on the morphology and
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Abstract: To investigate the effect of clay concentration on the structures and properties of bisphenol-A epoxy/nanoclay composites,
three composites with organoclay concentrations of 2.5wt%, Swt%, and 7.5wt% of the epoxy resin were prepared by in-situ polym-
erization under mechanical stirring followed by ultrasonic treatment. The clay aggregates on micro-scale indicate the absence of fully
exfoliated nanocomposites. The layer space decreases with the increase of clay concentration, which suggests that the exfoliation
would be constrained if more clay is added as the ultrasonic force is exerted. The thermal decomposition temperature remains almost
unchanged with the increase of clay concentration. The glass transition temperature of the composites decreases slightly with the in-

crease of clay concentration, whereas the storage modulus increases with the increase of clay concentration.
© 2008 University of Science and Technology Beijing. All rights reserved.
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1. Introduction

Polymer-clay composites have been widely studied
because of the possibility to build a nanostructure
from a polymer and organophilic clay, which known
as nanocomposites. Nanocomposites were prepared by
dispersing or exfoliating intercalated clay into a host
polymer [1]. The intercalation expanded the platelets
to the point where individual platelets could be sepa-
rated by mechanical shear. Many researchers have
performed investigations in the field of polymer nano-
composites based on epoxies [2-4], polyurethane [5],
polyethylene [6], PMMA [7], etc.

The attractive feature of polymer/nanoclay com-
posites was the obvious improvement in some of its
properties with the addition of only a small amount of
nanoclay as most of the literatures reported. Lan et al.
reported more than a ten-fold increase in strength and
modulus in a rubbery epoxy matrix with only 15wt%
of delaminated organoclay. An increase in tensile
modulus of 30% of a partially delaminated unsatu-
rated polyester-clay nanocomposite with 5vol% of
clay was also reported [3]. With a clay loading of
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10 wt%, the compressive yield strength and the
modulus of elasticity were increased by 17% and 27%,
respectively; a total delamination of the clay was re-
quired to obtain these improvements [8]. With the ad-
dition of only 4.5 phr of clay, the strain energy release
rate of the epoxy-clay nanocomposites based on tet-
raglycidyl-4,4'-diaminodiphenyl methane (TGDDM)
cured with diaminodiphenyl epoxy increased 5.8 times
from the original value, and there was also significant
reduction in the diffusivity and the maximum water
uptake [9]. However, some other researches showed
that the improvements in the properties of the nano-
composites were rather limited with the addition of a
small amount of nanoclay due to the limited disper-
sion of layered silicates in polymer matrix if the proc-
essing conditions were also considered (4,10].

In our previous study, with constant clay content in
the composites, the ultrasonic effect on their structures
and properties were studied [11]. At an optimum ul-
trasonic time, the effect of clay concentration on the
morphology, structure, and properties of nanocompo-
sites based on bisphenol-A epoxy was continuously
studied in this article. The dependence of layer space
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and clay aggregation on the clay amount was charac-
terized by small-angle X-ray diffraction (SAXRD) and
scanning electron microscopy (SEM). The thermal
and mechanical properties were studied by thermo-
gravimetric analysis (TGA) and dynamic mechanical
analyzer (DMA).

2. Experiment

The bisphenol-A diglycidyl ether ( D.E.R.332, from
Dow Chemical) was put into a 500 mL beaker that
was heated to 80°C, followed by the addition of curing
agent 4.4'-diaminodiphenylsulphone (from Merk-
Schuchardt) under mechanical stirring at 400 r/min for
approximately 30 min until the curing agent dissolved.
The epoxy resin with an organophilic clay (1.30E,
from Nanocor Inc.) concentration of 2.5wt%, 5.0wt%,
or 7.5wt% was then put into the beaker under con-
tinuous mechanical stirring at 400 /min for 1 h at
80°C. The mixture was transferred to a capped bottle,
which was then immersed in an ultrasonic bath (JAC
ultrasonic 1505) under ultrasonic stirring for 2 h. Then,
the mixture was degassed at 120°C followed by pre-
curing at 170°C for 5 h and postcuring at 200°C for 2
h. The SAXRD analysis was performed by using
Shimadzu XRD-6000 X-ray diffractometer with Cu
radiation (A=0.1542 nm) with a scanning speed of
0.05°/min and a scanning range from 0.01° to 1.5°.
TGA were measured in air using Perkin Elmer TGA-7
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Fig. 1.

Fig. 2 shows the small-angle X-ray diffraction pro-
files of epoxy and nanocomposites with clay concen-
trations of 2.5wt%, Swt%, and 7.5wt%, respectively,
where the epoxy exhibited amorphous holo, while the
peaks positions at 26 equal to 0.0525°, 0.07005°, and
0.08225° corresponded to the overall layer spaces of
clay, d, equal to 29.4, 21.9, and 18.7 nm, respectively.
The layer space of clay particles decreased with the
increase of clay concentration, and this may be due to
the degree of exfoliation of the clay layers, which de-
pends on the extent of homopolymerization of epoxy
monomers between clay layers [12]. As the organo-
clay concentration increases, the viscosity also in-

SEM cross section image of nanocomposites with different clay content: (a) 2.5wt%; (b) Swt%; (c) 7.5wt%.

with a heating rate of 10°C/min and the temperature
ranging from 50 to 650°C. Mechanical properties were
measured by DMA 2980 Dynamic Mechanical Ana-
lyzer from 50 to 240°C at a frequency of 1 Hz and a
rate of 5°C/ min under nitrogen atmosphere.

3. Results and discussion

The cross section morphology of the epoxy-nano-
clay composites are presented in Fig. 1. For composite
with 2.5wt% organoclay concentration (Fig. 1(a)), two
distinct particle sizes are apparent: large aggregates,
surrounded by smaller ones, which indicates that with
less organoclay concentration in the epoxy resin, the
clay aggregates could be separated into smaller ones
as the ultrasonic force is exerted. At a higher organo-
clay concentration (5.0wt%, Fig. 1(b) or 7.5wt%, Fig.
1(c)), there is a departure from this trend. Large clay
aggregates could be obviously observed, and this im-
plies that as the organoclay concentration increases,
the amount of dissociation of alkylammonium ions
also increases; hence, more homopolymerization reac-
tions of epoxy monomers with alkylamines resulting
from the dissociation of alkylammonium ions result in
the further increase in viscosity; under such circum-
stances, part of the force exerted has to overcome the
increase in viscosity and as a result the dispersion and
exfoliation are restricted [3].
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creases, and hence the separation of clay layers be-
came more difficult. The higher intensity of the peaks
for composites with more clay content suggested the
existence of more clay aggregates (Fig. 1).

Fig. 3 presents the changes in weight loss with
temperature for clay, epoxy, and composites. The
thermal decomposition temperatures (Ty) at a weight
loss of 10% are almost the same for epoxy and the
nanocomposites, except for the pure clay. The much
lower Ty of the organoclay than those of the compos-
ites and epoxy implies that the presence of alkylam-
monium ions, which are small organic molecules that
could be easily decomposed, would lower the Ty of the
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nanocomposites [11]. As the organoclay concentration
increases, the amount of alkylammonium ions pre-
sented in the system also increase; alkylammonium
ions participate in the chemical reaction with epoxy
groups before the addition of curing agent, and more
branched polymer chains would be formed instead of
cross-linked polymer chains, in which case the Ty
would be lower [3]. However, as discussed earlier, the
increase in particle aggregation and the decrease in
layer space with the addition of more clay would re-
duce the probability of the reaction of alkylammonium
ions in the clay with epoxy group, as a result of which
the Ty would be higher. It seemed that these contro-
versy trends were in a balance under this ultrasonic
processing condition, and hence, clay concentration
had no effect on their thermal stability.
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Fig. 2. SAXRD patterns of epoxy and nanocompaosites
with clay concentrations of 2.5wt% (C2.5), Swt% (CS), and
7.5wt% (C7.5).
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Fig. 3. Thermogravimetric analysis of clay, epoxy and
nanocomposite with clay concentrations of 2.5wt% (C2.5),
Swt% (CS), and 7.5wt% (C7.5).

Fig. 4 shows the changes in tand of the clay, epoxy,
and composites with temperature. The peaks at 229,
222, 217, and 217°C corresponded to the glass transi-
tion temperatures (T;) for epoxy and the nanocompo-
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sites with clay concentrations of 2.5wt%, Swt%, and
7.5wt%, respectively. All the composites have a lower
glass transition temperature than epoxy. Moreover, the
T, of the system decreases (not significant) with in-
creasing clay concentration until a point where the
clay concentration did not lead to a further decrease in
the T;. T, is dependent on the cross-linking density of
the system [11]; the reaction of alkylammonium ions
with epoxy monomers during swelling results in the
presence of unreacted curing agent in the system and
hence lowered the T [3]. However, with the addition
of more clay (above S5wt%), there was more aggrega-
tion of clay particles, and the layer spaces can not be
separated further as the ultrasonic force is exerted, the
cross-linking density remains unchanged, and as a re-
sult the T, does not decrease further.
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Fig. 4. Dynamic mechanical tané for epoxy and nano-

composite with clay concentrations of 2.5wt% (C2.5), Swt%
(C5), and 7.5wt% (C7.5).

Fig. 5 presents storage modulus of the epoxy and
the composites with varying concentrations of clay.
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Fig. 5. Dynamic mechanical storage modulus for epoxy
and the nanocomposites with clay concentrations of 2.5wt%
(C2.5), 5wt% (C5), and 7.5wt% (C7.5).



J.W. Wang et al., Influence of clay concentration on the morphology and... 323

The storage modulus of the epoxy-nanoclay com-
posites is higher than that of epoxy at any temperature.
As the clay concentration increases, the storage
modulus also increases. This is the characteristic of a
material reinforced with stiff filler material [11]. As
observed from Figs. 1 and 2, the ultrasonic force in
this study could not exert obvious effect on the clay
dispersion and exfoliation at higher concentrations
(above 5wt%), and the results of storage modulus in-
dicate that the clay in the composites mainly exhibited
stiff filler reinforcement with partial exfoliation [10].

4. Conclusion

Ultrasonication is an effective method for the dis-
persion of clay into the polymer matrix and for the
separation of clay layers. However, the effect of ul-
trasonic force on the structures and properties exhibits
a strong dependence on clay concentration, and it is
very difficult to achieve complete exfoliation under
ultrasonic force. At a lower clay concentration, the
clay can be dispersed more evenly and the layer space
can be expanded effectively; however, at a higher clay
concentration, clay particles aggregate severely and
the enlargement of layer space is restricted due to the
increase in viscosity. Clay concentration does not ex-
hibit obvious effect on the thermal properties of the
nanocomposites, while the increase in storage
modulus of the composites with the increase in clay
content reveals that the improvement is due to stiff
filler reinforcement with partial exfoliation.
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