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Viscoelasticity and relaxation characteristics
of polystyrene/clay nanocomposite
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Polymer nanocomposites based on an organophilically modified montmorillonite (OMMT)
and polystyrene (PS) are prepared via a solvent casting method using chloroform as a
cosolvent to examine their dynamic viscoelastic and relaxation properties, in which the
increased basal spacings of the OMMT determined by X-ray diffraction indicated the
intercalation of PS chains into OMMT interlayer. From the measured viscoelastic properties
originated from the nanocomposite interaction between polymer and OMMT, we were able
to determine the characteristic behavior of PS/OMMT nanocomposites. Storage and loss
moduli are found to give the transition from liquid-like to solid-like behavior as the clay
content increases, especially in the low frequency region. Stress relaxation behavior was
also enhanced by showing more solid-like characteristics with increasing OMMT.
C© 2003 Kluwer Academic Publishers

1. Introduction
Polymer/clay nanocomposites have recently attracted
considerable attention, primarily due to enhanced ma-
terial properties via nanoscale reinforcement in contrast
to the conventional particulate filled, microcompos-
ites [1, 2]. These nanocomposites exhibit an increased
modulus [3–5], reduced gas permeability [6], enhanced
thermal stability, and self-extinguishing fire-retardant
characteristics [7, 8]. For example, the doubling of the
tensile modulus and increase in the heat distortion tem-
perature up to 100◦C for nylon/clay nanocomposites
with as little as 2 vol% of inorganic content [9] are
achieved. Biodegradable polymer based nanocompos-
ites have been also recently developed [10–12].

Investigations for polymer/clay nanocomposites are
extended even further to various applications, such as
electrorheological (ER) fluid consisting of a suspen-
sion of micron-sized particles and electrically conduct-
ing materials [13, 14]. This kind of application exhibits
drastic and reversible changes in the rheological proper-
ties in the presence of an external electric field [15–18].
As another investigations, VanderHart et al. [19] exam-
ined the characteristic formation of α-phase crystallites
in polymer/clay nanocomposite, which preferentially
exist near the nylon/clay interfaces. Kim et al. [20]
also showed that organic/inorganic hybrid core-shell
nanoparticles can be used as a promising nanostructural
building block, leading to ordered ultra thin nanocom-

posites films having good mechanical strength, chemi-
cal resistance, thermal stability, and a barrier property
through layered architecture and the ionic interaction
with the cationic polyelectrolytes.

The rheological properties of polymer/clay nano-
composites are determined by a combination of the
mesoscopic structure and the strength of the interac-
tion between the polymer and clay. The mesoscopic
structure depends not only on the strength of polymer/
clay interaction but also on the inherent viscoelas-
tic properties of the matrix in which the clay layers
are dispersed. Due to this kind of internal structure,
polymer/clay nanocomposites have provided impor-
tant characteristics of the static and dynamic properties
of confined polymer including viscoelastic properties
[1, 5, 21, 22].

As one of the most widely used commodity plastic
materials, polystyrene (PS) has been modified to en-
hance mechanical and thermal properties in many dif-
ferent ways. Since Friedlander and Grink [23] observed
a slight expansion of the d001-spacing of clay galleries
upon PS intercalation, PS/clay nanocomposites have
been widely investigated. Zhu et al. [8] prepared inter-
calated and exfoliated PS/clay nanocomposites using
a bulk polymerization technique. In their study, they
showed by using thermo-gravimetric analysis that the
onset of thermal degradation occurs at a higher tem-
perature for the nanocomposites than for the virgin
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polymer [8]. Hoffman et al. [24] prepared fully exfoli-
ated PS nanocomposites containing silicate nanopar-
ticles. Both the PS continuous matrix and the
ammonium-terminated PS attached to the silicate
nanoparticle surface exhibited very narrow molecu-
lar weight distributions, therefore, it became possible
to correlate superstructure formation with rheologi-
cal properties. Recently we also synthesized PS/clay
nanocomposites by the emulsion polymerization of
styrene in the presence of sodium ion-exchanged mont-
morillonite (Na+-MMT) and found more pronounced
shear thinning behavior with increasing clay content
[25].

In this work, we investigated the viscoelastic proper-
ties and stress relaxation of PS/OMMT nanocompos-
ites. The internal structure of PS/OMMT nanocompos-
ites was elucidated using the XRD. The viscoelastic
properties, which are obtained via oscillatory shear us-
ing a parallel plate geometry rheometer, gave much in-
formation to explain the flow behavior and suspension
microstructures.

2. Experimental
2.1. Materials and PS/clay nanocomposites

preparation
The PS (Mw = 230,000 g/mol) was purchased from
Aldrich Chemical Co (USA). The OMMT (Cloisite
25A) obtained from Southern Clay Product (Gonzales,
Texas, USA) was used without any treatment. The
pristine Na+-MMT has been treated organophilically
by cation exchange reaction with a dimethyl, hydro-
genated tallow (composed of about 65% octadecyl
chains, about hexadecyl chains and about 5% C14
alkyl chains), and 2-ethylhexyl, quaternary ammo-
nium methylsulfate. The cationic exchange capacity of
OMMT (oganophilic-MMT) is 95 meq/100 g clay, and
the interlayer spacing is 1.942 nm, which is measured
by XRD.

The nanocomposites were prepared via solvent cast-
ing. Both the PS and OMMT were dried in a vacuum
oven to remove moisture. PS (29.4 & 27 g) and OMMT
(0.6 & 3 g) were dissolved/dispersed in chloroform
(400 × 10−6 m3) at 25◦C using a magnetic stirrer, for
1 day. After mixing the PS solution and OMMT disper-
sion together, the mixture was stirred for 2 additional
days. The chloroform was then evaporated in a hood,
and all of the samples were subsequently dried to con-
stant weight in a vacuum oven for 1 day. The sample
code was designated as PS, PSM2, PSM10 according
to the ratio of PS/OMMT; 100/0, 98/2, 90/10. The disk
type samples of these nanocomposites having 2.18 mm
thickness and 18 mm diameter were prepared using a
hot press (Caver, Model 3852, Wabash, USA) at 140◦C
for rheometer test.

2.2. Characterization
The increase of interlayer distance of OMMT in the
nanocomposites was studied via XRD, whose patterns
were monitored with a Guinier focusing camera using a
Philips X-ray crystallographic unit (PW-1847), running

at 40 kV and 50 mA. Scanning angle (2θ ) ranged from
1.5◦ to 10◦ at the rate of 3◦/min. To measure rheological
properties, a rotational rheometer (Physica, MCR 300,
Germany) with a parallel plate geometry was used. The
plates (25 mm diameter) were separated in 1.0 mm gap
distance at a fixed temperature of 200◦C. Storage and
loss moduli were obtained in a melt state as a function
of frequency. We fixed the amplitude at 0.3% by strain
sweep. To obtain these dynamic properties, a time de-
pendent oscillatory stain of the form, γ (t) = γ0 sin(ωt),
was applied, in which γ0 is the strain amplitude, ω is
the frequency (varied from 0.001 to 100 rad/s) and t is
time. The resulting time-dependent shear stress (τ (t))
is of the following form

τ (t) = γ0[G ′ sin(ωt) + G ′′ cos(ωt)] (1)

Here, G ′ is the storage or elastic modulus and G ′′ is the
loss or viscous modulus. The linearity of measurements
is typically confirmed by repeating the measurement at
higher and lower strain amplitudes and observing the
independence of the measured G ′ and G ′′ moduli. The
slopes of the G ′ and the G ′′ versus the ω in the terminal
region were smaller than 2 and 1, respectively [5].

3. Results and discussion
Fig. 1 shows the XRD patterns of PS/OMMT nanocom-
posites. We estimated the variation of the d001 spac-
ing, which is obtained from the observed peaks of the
angular position (2θ ) according to the Bragg formula
(nλ = 2d sin θ ). The d-spacing of OMMT increased
from 1.94 nm to 3.27 nm. The change in d-spacing
indicates that PS was intercalated into the OMMT in-
terlayers [5, 26]. Meanwhile, the maximum peak inten-
sities of PSM2 and PSM10 locate at the same angular
positions, suggesting that d-spacing for the PS/OMMT
nanocomposites is independent of the OMMT loading.
Similar behaviors have been already examined by other
researchers [5, 21, 26, 28], only giving rise to the vari-
ation of relative peak intensities.

Linear viscoelastic responses, such as storage mod-
ulus (G ′) and loss modulus (G ′′), are shown in Fig. 2a
and b, respectively. These data sets were acquired at the
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Figure 1 The XRD spectra of the PS, OMMT, and PS/OMMT
nanocomposites.
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Figure 2 Storage (a) and loss (b) moduli of PS and PS/OMMT
nanocomposites at 200◦C.

strain of 0.3% in 0.01–100 Hz frequency range. Both
G ′ and G ′′ show monotonic increase in the entire fre-
quency range with the increase in silicate loading. Espe-
cially, the slope in the low frequency region decreases
with the clay content. Implying that the flow properties
in this region change to more solid-like type due to the
addition of OMMT, which promotes OMMT/polymer
interaction. This result agrees well with our previous
results on the PEO/clay nanocomposite system [5].

The G ′ has slopes of 0.94, 0.94, and 0.62 (for PS,
PSM2, PSM10) while G ′′ has slopes of 0.62, 0.62, and
0.46 (for PS, PSM2, PSM10) in log plots, indicating
that at the lowest frequencies, the response of the sys-
tem exhibits liquid-like behavior (G ′′ > G ′). However,
the two moduli soon become equal and display nearly a
plateau region, having higher G ′ than G ′′. In this region,
PS/OMMT nanocomposites show glassy solid-like be-
havior [29]. This characteristic transition (from liquid-
like to solid-like behavior) shifts to the low frequency
region as the OMMT loading increases. The crossover
points occur at 14.8, 11.0 and 2.22 rad/s for PS, PSM2
and PSM10, respectively. Therefore, with increasing
OMMT loading, nanocomposite systems exhibit more
rapid solid-like behavior in the entire frequency range
[30]. This solid-like behavior can be explained with
the decrease of slope in G ′ [21, 30]. The slopes and the
absolute values of the dynamic moduli indicate a su-
permolecular structure formation in the nanocompos-

ites. It means that the higher the G ′ and the smaller the
slope implies more pronounced intercalation between
the silicate platelets and their tendency to form a three-
dimensional superstructure. The end-tethered polymer
chains on the silicate layers stabilize this superstructure
[30].

Fig. 3 shows G ′ vs. G ′′ plots in log scale for PS
and PS/OMMT nanocomposites with different OMMT
contents. This plot is refered to as modified Cole-Cole
plot [31, 32]. This plot suggests that the homogeneous
polymer blends exhibit temperature independent be-
havior in modified Cole-Cole plot [33]. In Fig. 3 both
PS and PS/OMMT nanocomposites show similar be-
havior, having the slope of 2. Therefore, it can be said
that PS and PS/OMMT nanocomposite systems main-
tain the homogeneities for different OMMT loadings.
In other words, OMMT loadings do not affect the mor-
phological state of PS/OMMT nanocomposites.

Fig. 4 shows stress relaxation of PS and PS/OMMT
nanocomposites. Stress relaxation modulus G(t) de-
scribes a time dependent response after a shear step.

G(t) = τ (t)/γ0 (2)

To obtain the G(t), viscoelastic material is instantly
deformed to a shear strain γ0. While this deformation
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Figure 3 Modified Cole-Cole plot (G ′ vs. G ′′) of the PS and PS/OMMT
nanocomposites.
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Figure 4 Shear stress relaxation curve obtained using Schwarzl method
[30, 31] for PS and PS/OMMT nanocomposites.
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is maintained, the stress is measured as a function of
time. G(t) can also be measured by oscillatory ex-
periment, and the result compared with that obtained
from the previously mentioned method. In most cases,
the larger molecules have longer relaxation times and
smaller ones have shorter relaxation times.

In this study, the G(t) was calculated via the Schwarzl
methods [34, 35] from the G ′ and G ′′ data obtained from
the dynamic oscillatory shear test.

G(t) = [G ′(ω) − 0.560G ′′(ω/2) + 0.200G ′′(ω)]ω=1/t

(3)

From the measurements in a variety of homopolymer
melt systems, one found that the nonlinear shear relax-
ation modulus G(t, γ ) can be factorized into a linear
relaxation modulus G(t) and a damping function h(γ ):

G(t, γ ) = G0(t)h(γ ) (4)

The time range of G(t) limits the time range of the G ′
and G ′′. Low frequencies correspond to very large re-
laxation times, and vice versa. This means that the best
result will be obtained from a long time of the input
data and a limited frequency range of the output data.
Note that Ren et al. [36] studied the linear stress re-
laxation of PS-polyisoprene (PI) block copolymer/clay
nanocomposites by using a two-point collocation
method. In Fig. 4, the liquid-like stress relaxation
modulus, observed for the unfilled polymer, gradu-
ally changes to solid-like behavior as OMMT content
increase [21].

4. Conclusions
Viscoelastic and relaxation properties of intercalated
PS/OMMT nanocomposites prepared via solvent cast-
ing are examined. The chain insertion into OMMT is
verified from XRD patterns, which show the increase
of interlayer spacing. Both storage modulus and loss
modulus of PS/OMMT nanocomposites increase and
exhibit non-terminal behavior, as the OMMT contents
increase. From the viscoelastic measurement, we show
that PS/OMMT system is more solid-like than PS. In ad-
dition, OMMT loadings do not affect the homogeneities
of the PS/OMMT nanocomposites systems.
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