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ABSTRACT: We present the first study and results on
the preparation and characterization of montmorillonite
clay filler based polymer blend nanocomposites of the mis-
cible poly(phenylene oxide)/polystyrene blend. Interca-
lated nanocomposites, prepared by a melt-processing
method with 2–6 wt % commercially available organically
modified sodium montmorillonite, have been characterized
with wide-angle X-ray diffraction, transmission electron
microscopy analysis, thermal analysis (thermogravimetric
analysis and differential scanning calorimetry), and me-
chanical tensile tests. We show that nanocomposites can be
successfully prepared in a batch mixer at temperatures
much below the conditions conventionally used for this
blend without organic degradation. Thermal stability is
enhanced by nanoscale hybrid formation. The level of

intercalation (change in the d-spacing) does not change
with the clay loading. Better dispersion of clay in the
blend matrix has been observed at a low level of clay con-
tent. The nanocomposites show improved tensile modulus
(by 31%) in comparison to the blend, whereas the tensile
strength (stress at break) and elongation decrease in the
presence of the filler with an increase in the clay loading.
The Halpin–Tsai model is able to predict the modulus
of the nanocomposites in very good agreement with the
experimental data. � 2008 Wiley Periodicals, Inc. J Appl Polym
Sci 108: 1818–1828, 2008
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INTRODUCTION

Research in the field of polymer-layered silicate
nanocomposites has gained tremendous importance
in recent years as a result of enhancements in ther-
mal stability and mechanical properties for such
advanced materials.1–4 The pioneering work of
researchers at Toyota led to the discovery of nano-
scale polymer–clay nanocomposites as candidates for
light-weight-material applications.5,6 Most commonly
known thermoplastic polymers have been investi-
gated either in an exploratory manner or in depth
for their structure and morphology, thermal behav-
ior, mechanical properties, dynamic behavior, and so
forth.

At this time, very few publications in the literature
have reported nanocomposites of polymer blends

and clay. Li and Shimizu7 looked at poly(phenylene
oxide) (PPO)/polyamide 6 (PA6) blend nanocompo-
sites by melt mixing. They obtained a significant
decrease in the domain size of the dispersed PPO
phase in the presence of organoclays. However, an
increase in the organoclay loading (>5 wt %) led to
the formation of a cocontinuous morphology.7 Gelfer
et al.8 prepared nanocomposites of the immiscible
polystyrene (PS)/poly(methyl methacrylate (PMMA)
blend by a melt-mixing process, using commercially
available dimethyl dioctadecyl ammonium modified
montmorillonite. The presence of the organoclay par-
tially compatibilizes the immiscible PS/PMMA blend
by reducing the average microdomain size (from
1–1.5 lm to ca. 300–500 nm).8 The area of polymer
blend–clay nanocomposites is open to considerable
research with the possibility of providing very inter-
esting fundamental and practical progress. The
structure–property relationships in the case of
advanced materials formed by polymer blends and
clays can be even more challenging with respect to
property variations, control, and tailoring with
molecular parameters and design.

Tensile strength, thermal stability, and flame
retardancy are desirable properties for machine and
appliance housings. PPO and PS are amorphous and
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molecularly miscible over all compositions of either
PPO or PS, as observed with various characterization
techniques such as optical and mechanical studies
and electron microscopy.9–11 PPO, along with PS,
exhibits a broad range of outstanding properties for
applications in computers and business equipment,
the automotive industry, electrical insulation, tele-
communications, electronics, and many other indus-
tries. PS is brittle, whereas PPO is a ductile polymer,
and the transition from a brittle material to a ductile
material occurs with >25 wt % PPO in the PPO/PS
blend.12 Chun and Gibala12 studied the mechanical
properties of the PPO/PS blend with various compo-
sitions and observed a linear increase in the break
stress with an increase in PPO in the blend accompa-
nied by a slightly positive deviation at a higher PPO
fraction. A synergistic effect was observed in the
PPO/PS blend with the maximum tensile modulus
observed at 50 wt % PPO, with the increase in the
modulus attributed to the increase in the specific
intermolecular interactions between PPO and PS,
which led to high modulus and yield stress and a
reduction in the strain at break.12 However, for the
strain at break, a negative deviation from linear
behavior was observed. The positive deviation for
tensile properties was mainly due to specific interac-
tions between PPO and PS causing a loss in the free
volume of the blend, which further led to higher
modulus and tensile strength.13,14 In comparison,
Costa and Oliveira15 prepared a partially miscible/
compatible blend of PA6 and PPO by solution blend-
ing and observed the maximum tensile modulus and
tensile strength at a PA6 content of 99%. The
improvement with as little as 1 wt % PPO was due
to its antiplasticizing effect. At a higher percentages
of PPO, the elongation at break improved, whereas
the tensile modulus and tensile strength were
reduced.15 Tjong and Ke13 studied the blend of PPO
and high-impact polystyrene (HIPS) by injection
molding and observed positive deviation behavior
for the yield strength and modulus at all composi-
tions of HIPS.

The prime motivation of this study is to investi-
gate the structural, thermal, and mechanical proper-
ties of molecularly miscible PPO/PS blend–organo-
clay nanocomposites. We show that intercalated
nanocomposites are formed with quaternary ammo-
nium cations having a dominant aliphatic nature.
The effects of organoclays and their fraction in the
matrix on the nanoscale structure and thermal and
mechanical properties of the hybrids are discussed.
The PPO/PS system is attractive and relatively sim-
ple to use as a model blend system for polymer–clay
nanocomposite studies as morphological complica-
tions arising from immiscibility are absent in this
case. To our knowledge, this report is the first study
of the PPO/PS system and shows that nanocompo-

sites can be formed with improved properties by the
suitable choice of processing conditions.

EXPERIMENTAL

Materials and nanocomposite preparation

Cloisite 10A was supplied by Southern Clay Prod-
ucts, Inc. (Texas), as a complimentary gift. Cloisite
10A is an organically modified montmorillonite con-
taining dimethylbenzyl hydrogenated tallow quater-
nary ammonium ion as an organic modifier. Cloisite
10A is an overexchanged organomontmorillonite
with a relatively high cation-exchange capacity of
125 mequiv/100 g. The hydrogenated tallow con-
tains an alkyl chain length varying from C14 to C18.
The typical composition of the different chain
lengths is � 65% C18 (dominant), � 30% C16, and
� 5% C14.

The PPO/PS blend (grade Noryl 701) was a com-
mercial sample supplied by General Electric, Inc.
(USA), and was obtained in the form of pellets and
used as is without any further modifications. On the
basis of the measurement of the glass-transition tem-
perature (Tg) of this blend, the composition of the
PPO/PS blend, as calculated with the Fox equation,
was 80.51 wt % PS and 19.49 wt % PPO. The Tg val-
ues of PPO, PS, and the PPO/PS blend were 212,
99.2, and 1178C, respectively. The composition of the
blend was kept fixed for this study. The melt flow
index was obtained with a 2.16-kg load at 1908C
(usually used for thermoplastics) per ASTM D 1238.

The PPO/PS blend and organoclay were dried at
808C in an air circulatory oven for 2 h before mixing
to remove any residual desorbable moisture. The
PPO/PS blend and Cloisite 10A (2, 4, or 6 wt % in
each hybrid) were melt-mixed at 1808C in a Haake
Rheocord (Waltham, MA) (� 50-g scale) batch mixer
at a mixing speed of 60 rpm for a time period of 10
min. Initially, for the first set of studies, processing
was done at 2208C. However, the wide-angle X-ray
diffraction (WAXD) data revealed degradation of the
organic modifier at this processing temperature (as
evidenced by a decrease in the d-spacing from the
value for the organoclay after processing). Hence, a
lower processing temperature of 1808C was used,
which we found to be very suitable for the formation
of nanocomposites with Cloisite 10A in a batch
mixer and lower than the temperatures typically
used for the processing of this blend. The processing
temperature of 1808C is known not to promote deg-
radation from previous studies in the literature for
such types of organoclays, for thermoplastics such as
PS and PMMA, and also for polypropylene. These
processing conditions are suitable for mixing in
terms of the pressure and melting temperature

NANOCOMPOSITES WITH CLAY 1819

Journal of Applied Polymer Science DOI 10.1002/app



developed during the processing period in the inter-
nal mixer.

Characterization of the nanocomposites

WAXD

The intercalation of the molecularly compatible (mis-
cible) PPO/PS blend between the clay layers was
confirmed by WAXD measurements. WAXD patterns
were recorded on a Rigaku (Tokyo, Japan) diffractom-
eter with Cu Ka radiation (wavelength 5 1.5418 Å)
at 40 kV and 100 mA. The experiments were per-
formed in a scan range of 2y 5 2–148 with step incre-
ments of 0.05 at a speed of 28/min on compression-
molded samples. The scan range was sufficient to
cover the intercalated region as well any region hav-
ing clay stacks left unintercalated. The scan speed
range of 0.5–58/min for nanocomposites has been
typically used previously in the literature.16,17 The
selected scan speed of 28/min in our study was
found to be sufficient to cover all data points. Too
low a scan rate consumes unnecessary time, whereas
too high a scanning rate increases noise in the curve
without improving feature derivation in keeping with
requirements posed by such intercalated samples.

Transmission electron microscopy (TEM)

TEM was performed on � 50–70-nm-thick sections
obtained with a Leica Ultracut UCT microtome
(Vienna, Austria). The sections were cut with a dia-
mond knife at room temperature. Sections were col-
lected on 300-mesh carbon-coated copper grids and
dried overnight. TEM imaging was done with a JEOL
(Tokyo, Japan) 1200EX electron microscope operating
at an accelerating voltage of 80 kV. At least 10–15
images per sample were analyzed at each clay load-
ing. Images were captured with a charged couple de-
tector camera and viewed with Gatan digital micro-
graph software (Gatan Inc., Warrendale, PA).

Differential scanning calorimetry (DSC)

Tg was determined on a PerkinElmer (Waltham,
MA) DSC-7 differential scanning calorimeter. The
differential scanning calorimeter was calibrated with
indium and sapphire as standards, and nitrogen
flow through the DSC cell was maintained at 20
mL/min. The empty furnace was heated till 6008C
and kept at this temperature for 10 min to remove
any impurity if present. Scanning was done without
a sample to obtain the baseline curve, which was
then used for baseline correction. Samples of approx-
imately 5–7 mg were measured in an aluminum pan
of 40-lL capacity. Both the sample and reference pan
were heated at 108C/min from 50 to 1708C to relieve
any thermal history of the glassy state. The heating

rate of 108C/min was used because it is a well-estab-
lished heating rate to determine the Tg values of pol-
ymers and intercalated nanocomposites. The sample
was allowed to cool to 508C at a rate of 508C/min
and subsequently reheated from 50 to 1708C at the
same rate of heating. The data obtained from the
second scan were accepted to determine Tg.

Thermogravimetric analysis (TGA)

The onset of degradation at 10% weight loss (i.e., the
temperature at 10% weight loss (T10%), the tempera-
ture at 50% weight loss (T50%), the maximum degra-
dation temperature (Tmax), and residue percentage
for the PPO/PS blend and nanocomposites were
determined with TGA. TGA was performed on a
PerkinElmer TGA-7 instrument. Samples of about 4–
4.5 mg were heated from 50 to 9008C at a heating
rate of 108C/min under a nitrogen atmosphere. The
nitrogen flow rate was maintained at 20 mL/min.
The selected temperature range was suitable to
encompass the thermal degradation temperature of
the polymer or its nanocomposites (sufficient to
decompose volatiles present in the hybrids). The
heating rate of 108C/min was selected to maintain
accuracy of data and to get smooth TGA curves
without the loss of important features. A higher
heating rate or sample weight would affect the deg-
radation mechanism, resulting in the possibility of
loss of accuracy in the results.18 Tmax values of the
nanocomposites were determined from the differen-
tial thermogravimetry peak, which was obtained
from the TGA curve with available Pyris (Waltham,
MA) software.

RESULTS AND DISCUSSION

Intercalation structure by WAXD
and TEM analysis

Initially, as a preliminary investigation to establish
and confirm the suitability of the processing condi-
tions for successful nanocomposite formation, the
PPO/PS blend and Cloisite 10A organoclay were
processed at 2208C (which is the usual and widely
reported processing temperature for the PPO/PS
blend) for a mixing time of 10 min at a speed of
60 rpm. For the nanocomposites prepared under
these conditions, the WAXD results are presented in
Table I. The negative change in the d-spacing from
the organoclay to the PPO/PS–clay hybrid composite
indicates a decrease in the clay gallery height due to
the thermal degradation of organic modifier mole-
cules. Also, a nanocomposite is not formed under
these conditions as no polymer intercalation is
observed. The decrease in the d001-spacing was
found to be in the range of 4–5 Å, which is signifi-
cant for organically modified clays. The loss of the
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organic modifier from the organically modified clay
at 2208C is responsible for the decrease in the d001-
spacing.19 The resulting hybrids are conventional
macrocomposites containing clay merely present as
filler particles in the overall matrix. Therefore, to
prevent thermal degradation and to facilitate suc-
cessful nanocomposite formation by retention of the
chemical species of the organic modifier, the process-
ing temperature was lowered to 1808C while the
mixing time and speed were kept at 10 min and
60 rpm, respectively. The results reported here and
all further characterizations are for samples prepared
at the processing temperature of 1808C. Table II lists
the d001-spacing values for successful and properly
prepared PPO/PS blend nanocomposite samples.
The processing temperature of 1808C results in suc-
cessful intercalation of polymer chains between the
layers of organically modified montmorillonite.

WAXD curves for PPO/PS nanocomposites are
shown in Figure 1. The peak shifts toward lower 2y
values for all loadings, and this confirms the increase
in the d001-spacing of the organically modified mont-
morillonite by polymer intercalation. Although the
d001-spacing of the nanocomposite does not change
much with the clay loading, as shown in Table II,
the clay loading has a significant effect on the inten-
sity of the peak as well as its width, as shown in Fig-
ure 1. The peak for PPO/PS nanocomposites with a
2 wt % clay loading has a relatively low intensity
and is slightly broader. This may be due to the pres-
ence of some disordered clay layers in the PPO/PS
blend matrix. As the level of the clay loading
increases, the peak intensity increases because of the

formation of intercalated nanocomposites without
disruption of the multilayered order of clay layers,
and this is not unexpected. More orientation order
among clay layers is definitely likely at higher load-
ings, and this is seen as a peak with increased inten-
sity. At a higher clay loading, a second-order peak
also appears that may be due to a reduction in the
interlamellar gallery height. However, high inten-
sities show that a multiorder intercalated stack struc-
ture is well established in nanocomposites. The pres-
ence of a benzyl ring in the organic modifier
improves the thermodynamic compatibility between
organomontmorillonite and PS20 and probably even
PPO (as we expect from our results here), as PPO is
molecularly compatible with PS.

The well-known Scherrer formula was employed
to calculate the thickness (w) of the clay aggregates
and to determine the mean number of platelets per
stack for the nanocomposites at different clay load-
ings. The Scherrer formula is given as follows: w 5
kk/(B cos yB), where k is constant equal to 0.9, k is
the X-ray wavelength, B % y1 2 y2 is the peak width
at half-maximum intensity (Imax/2) in radians, and
yB is the scattering angle. The number of clay plate-
lets per stack can be calculated as 1 1 w/d001. The
results are tabulated in Table II. As shown in Table
II, the number of clay platelets per stack is in the
range of 4.1–5.3, which indicates that clay stacks
with four to five platelets are dispersed in the PPO/
PS matrix. This signifies that the morphology of the
nanocomposites is well between intercalated and
ideal exfoliation, along with a good level of disper-
sion. Although the number of clay platelets per stack
is nearly the same at 4 and 6 wt % clay, the peak in-

TABLE I
d001-Spacing (Å) Values for PPO/PS Blend
Nanocomposite Samples with Various Clay

Loadings Processed at 2208C

System

Clay loadinga

2 wt % 4 wt % 6 wt %

PPO/PS–Cloisite 10A 14.4 (24.6) 14.4 (24.6) 15.0 (24.0)

a The values in parentheses represent the difference
between the d001-spacings of the nanocomposite and clay
(d001 for clay 5 19.0 Å).

TABLE II
d001-Spacing and Calculated Number of Clay Platelets

per Stack (Nc) for PPO/PS Blend Nanocomposite
Samples with Various Clay Loadings Processed at 1808C

Clay (wt %) d001 (Å)a FWHM (rad)b Nc

2 29.0 (10.0) 0.0136 4.1
4 31.0 (12.0) 0.0119 4.8
6 30.5 (11.5) 0.01 5.3

a The values in parentheses represent the difference
between the d001-spacings of the composite and clay.

b Full width at half-maximum.

Figure 1 XRD curves of PPO/PS–Cloisite 10A nanocom-
posites with different clay loadings: (a) Cloisite 10A, (b)
2% Cloisite 10A, (c) 4% Cloisite 10A, and (d) 6% Cloisite
10A.
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tensity is higher at 6 wt % because of an increase in
the number of clay stacks in the nanocomposites
with the higher amount of clay.

Tanoue et al.21 obtained intercalated nanocompo-
sites of PS with Cloisite 10A using melt blending,
and the d001-spacing was shown to vary in the range
of 4.0–4.9 nm, depending on the molecular weight of
PS and the organoclay loading. The d001-spacing for
the high-molecular-weight PS nanocomposite with

2 wt % Cloisite 10A is 4.3 nm, which is � 1.4 nm
higher than our results here for the PPO/PS blend
with the same clay loading. The higher change in
the d001-spacing in the case of PS nanocomposites
may be due to high shear produced with the twin-
screw extruder configuration used by the investiga-
tors in their work.21 However, we still feel that the
presence of a benzyl ring in Cloisite 10A forms
favorable molecular thermodynamic interactions

Figure 2 TEM micrographs of PPO/PS–Cloisite 10A nanocomposites: (a) 2% Cloisite 10A, (b) 4% Cloisite 10A, and (c) 6%
Cloisite 10A.
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with both PPO and PS, leading to the intercalation
of PPO and PS here. The thermodynamic interaction
of PPO or PS with dimethyl benzyl hydrogenated
tallow largely determines the extent of intercalation
of PPO or PS within the clay galleries.

A previous report by Wang et al.19 on the melt
intercalation of PS into Cloisite 10A organoclay
showed d001 values for the nanocomposite similar to
those shown by this study. This suggests that the
PPO/PS blend intercalates to the same extent as PS
in Cloisite 10A with the same conditions and prepa-
ration method. This is rationalized to be due to the
similar thermodynamic potential of PPO during
intercalation along with PS with respect to this alkyl
ammonium organoclay containing the favorable ali-
phatic segments (for delamination of clay) and ben-
zyl groups (for interaction with PS as well as PPO).
Our results also confirm those of Utracki et al.21 for
the PS–Cloisite 10A nanocomposite d001-spacing.
PPO has a shielding effect, preventing organic modi-
fier degradation at 1808C, and the blend nanocompo-
sites obtained by melt processing in a batch mixer
are intercalated and homogeneously dispersed. The
d001-spacings from the study of Utracki et al. for PS–
Cloisite 10A nanocomposites varied from 4.0 to
4.9 nm; however, we have obtained d001-spacings of
2.9–3.1 nm for PPO/PS–Cloisite 10A nanocompo-
sites. The extent of intercalation is not similar, possi-
bly because of the use of high shear in their study.
Vaia and Giannelis22 showed by melt processing that
PS intercalates into tetradecyl ammonium modified
fluorohectorite (C14FH) and dioctadecyl dimethyl
ammonium modified montmorillonite (2C18MT),
resulting in only intercalated and partially exfoliated
nanocomposites, respectively. The organoclays
C14FH and 2C18MT, being fully aliphatic, should
provide favorable interactions with the PPO/PS
blend as well because of the molecular miscibility
between PPO and PS, and it is therefore expected
that the PPO/PS blend should also intercalate into
C14FH and 2C18MT organoclays.

Figure 2(a–c) shows low- and high-magnification
TEM images for PPO/PS–Cloisite 10A nanocompo-
sites. At the low clay loading, the intercalated clay
layers along with some individual clay layers lead-
ing to the formation of partially exfoliated nanocom-
posites can be observed. At a higher clay loading,
the number of clay platelets per stack increases.
Also, the number of clay stacks is greater at a higher

clay loading, and this results in a higher intensity
(WAXD curve peak) for the nanocomposites. Both
WAXD and TEM measurements confirmed the for-
mation of intercalated nanocomposites and the good
dispersion of the clay layers and stacks within the
blend matrix. We have not observed any appreciable
difference in the clay particle distribution or the
presence of large aggregates in different regions of
the nanocomposite section. The TEM images in Fig-
ure 2 are representative of the whole nanocomposite
bulk sample at each clay loading.

Thermal properties of the hybrids

The DSC data for PPO/PS blend nanocomposites at
different clay loadings are shown in Table III. Tg of
the blend clearly is not affected by the addition of
clay until 6 wt %. Figure 3 shows overlapping DSC
thermographs for the PPO/PS blend nanocomposite
with Cloisite 10A. This reaffirms that our results for
PPO/PS blend–clay hybrids are similar to the results
obtained by Li and Ishida23 for intercalated PS nano-
composites using hexadecyl ammonium modified
montmorillonite by the solution method and melt-
blending route; they observed the same Tg for nano-
composites as that of PS even at a 50% organoclay
loading. We note that this similarity probably occurs
on account of the high level of PS in the blend here
because the dominant phase in the PPO/PS blend is
PS. We also confirm that the bulk polymer outside
the clay galleries principally contributes to Tg of the
PPO/PS–clay nanocomposites. Vaia et al.24 prepared
melt-intercalated PS nanocomposites, using diocta-
decyl dimethyl ammonium modified mica-type lay-
ered silicate, and they even observed an absence of
Tg for the nanocomposite, which was attributed to
the dimensional stability and resistance to flow by
confined PS at a temperature above that of bulk PS.

TABLE III
Tg (8C) Values of PPO/PS Blend Nanocomposites

with Different Organoclay Loadings

System

Clay loading

0 wt % 2 wt % 4 wt % 6 wt %

PPO/PS–Cloisite 10A 117 117.4 117.3 117.8

Figure 3 DSC overlay of PPO/PS–Cloisite 10A nanocom-
posites with different clay loadings: (a) Cloisite 10A, (b) 2%
Cloisite 10A, (c) 4% Cloisite 10A, and (d) 6% Cloisite 10A.
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Such behavior has been observed for a melt-interca-
lated poly(ethylene oxide)–montmorillonite nano-
composite as well.25 DSC and the more sensitive
thermally simulated current technique have shown
the absence of Tg for PS nanocomposites previously
in the early literature on nanocomposites. However,
the use of the thermally simulated current thermal
sampling technique has shown a broad transition
corresponding to a low degree of cooperative motion
of polymer segments.26 A decrease in Tg has also
been observed in melt-processed PMMA–montmoril-
lonite nanocomposites.27

The weight losses of organic matter in the blend
and nanocomposites were determined with TGA. Ta-
ble IV shows loss temperatures for 10 and 50 wt %
losses of organic matter. Tmax gives the value at the
maximum rate of weight loss (% loss/min), which
provides information on the maximum thermal sta-
bility of the nanocomposite. The residue (%) values
are also reported. Figure 4 shows TGA curves for the
blend and nanocomposites. The thermal stability of
the nanocomposites is better than that of the blend.
The onset of degradation for the nanocomposites is
about 408C higher at a low clay loading. However,
no clear trend can be observed for the increase in the
onset of degradation for the nanocomposites at dif-
ferent clay loadings. The overall thermal stability of
the nanocomposite is higher by 308C than that of the
blend. The maximum improvement in the thermal
stability has been observed at a 2 wt % clay loading.
Cloisite 10A contains 35% excess organic modifier
(cation-exchange concentration 5 1.25 mequiv/g
clay). The amount of the organic modifier increases
with the clay loading, and this reduces the thermal
stability of the nanocomposites at higher clay load-
ings. Zhu et al.26 showed a significant improvement
in the onset of degradation of PS nanocomposites
with as little as 0.1 wt % clay. However, at a higher
clay loading (>3 wt % clay), T10% was found to level
off. Zheng and Wilkie28 showed an increase in the
onset of degradation by 27–358C, whereas the overall
thermal stability was higher by 29–318C for melt-
processed nanocomposites of PS, polycaprolactone,
and modified organoclay. Previous results in the lit-
erature are comparable to results from our study,
and this is reaffirming and also understandable

because of the presence of PS as the dominant phase
in the blend here. Recently, Zhang et al.29 reported
an increase in the thermal stability for melt-processed
intercalated nanocomposites of PS and oligomerically
modified clay; the temperatures at 10 and 50 wt %
degradation increased by 8 and 158C, respectively,
with 3 wt % clay.

Mechanical properties of the
blend nanocomposites

Figure 5 shows the variation of Young’s modulus of
the nanocomposites with the clay loading. Young’s
modulus for the nanocomposites increases linearly
until 4 wt % Cloisite 10A and levels off at higher clay
loadings. The nanocomposite samples were brittle
above 6 wt %. The organically modified montmoril-
lonite improves the stiffness of the PPO/PS blend.
Such a linear increase in the modulus with the clay
loading has been observed for nanocomposites of var-
ious thermoplastic polymers such as PS30 and polycar-
bonate.31 Tanoue et al.30 observed an increase in the
modulus with the clay loading for a melt-processed
PS–Cloisite 10A nanocomposite, whereas the break
stress was observed to increase at 2 wt % and further
decrease with the loading at higher clay fractions. Our

TABLE IV
Comparison of the Thermal Stability of the PPO/PS Blend

Nanocomposites and PPO/PS Blend

System
Clay loading

(wt %)

Temperature (8C)
Residue

(%)T10 T50 Tmax

PPO/PS 0 383 418 417 0
PPO/PS–Cloisite 10A 2 423 462 465 1.4

4 413 451 449 2.9
6 401 448 447 3.6

Figure 4 TGA thermographs of PPO/PS blend–Cloisite
10A nanocomposites with different clay loadings.
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results for the stress at break (tensile strength) show a
decrease with an increase in the loading.

Figure 6 shows the variation of the break stress
and break strain (%) with the clay loading. The
break stress and break strain were found to decrease
with an increase in the clay fraction, except at the
4 wt % clay loading, at which a slight increase in
both properties can be seen. Interestingly, both the
break stress and break strain show similar qualita-
tive behavior with the clay loading. The decrease in
the break stress and break strain results from the
brittleness (reduction in ductility) caused by the
inclusion of clay in the polymer blend matrix.

Modulus comparison with the Halpin–Tsai
model prediction

The Scherrer equation (with WAXD curves) was
used to calculate the globally averaged mean stack

thickness and the number of clay platelets per stack
for the nanocomposites. The average stack length
was measured from TEM images with 150–180
counts. The counts were taken from different regions
on the grid. High- and low-magnification images
were used for particle length calculation. The stack
length for the nanocomposites is 127 nm. It has been
found that the stack length variation is small in the
range of clay loadings studied here. The filler aspect
ratio changes from 14.1 at a 2 wt % clay loading to
9.5 at a 6 wt % clay loading. It is unlikely that the
aspect ratio will influence the Halpin–Tsai calcula-
tion, and this is also shown in Figure 7 and dis-
cussed as follows.

The peak intensity for a nanocomposite increases
with the clay fraction, whereas increases in the full
width at half-maximum and number of platelets per
stack are not significant as a function of the clay
fraction; this suggests clearly that the level of disper-
sion of the clay stack within the polymer matrix is
unaffected by the clay loading. As the aspect ratio
and dispersion of clay stacks are not varying in the
nanocomposites at various levels of the filler concen-
tration, the increase in the modulus is principally
due to the reinforcing effect of the filler and amount
of intercalated polymer.

The Halpin–Tsai theory and model, which are
generally used for predicting the stiffness of unidir-
ectional composites as a function of the aspect
ratio,32–34 have been used in our study to show that
this model in particular fits the experimental data on
the modulus very well. As described here, this
model, using minimum parameters obtained from
experimentally derived filler dispersion data, can be

Figure 5 Variation of Young’s modulus (GPa) for PPO/
PS blend nanocomposites with different clay loadings.

Figure 6 Variation of the break stress (MPa) and break
strain (%) for PPO/PS blend nanocomposites with differ-
ent clay loadings.

Figure 7 Comparison of Young’s modulus (GPa) for
PPO/PS blend nanocomposites from experimental meas-
urements and Halpin–Tsai model fits. Halpin–Tsai fits are
shown by the use of an individual aspect ratio and aver-
age aspect ratio over all clay loadings.
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used to quantitatively predict the modulus of the
blend nanocomposites satisfactorily. Young’s modu-
lus is expressed as follows:

E

Em
¼ 1þ nh/

1� h/
(1)

where E and Em represent Young’s moduli of the
composite and matrix, respectively; n 5 (2 3 aspect
ratio) is a shape parameter, and / is the filler vol-
ume fraction. h is determined as follows:

h ¼ ðEf=EmÞ � 1

ðEf=EmÞ þ n
(2)

where Ef represents Young’s modulus of the filler.
The aspect ratio values were obtained from the
WAXD curves (platelet thickness with the Scherrer
equation), and the stack length (averaged) was
obtained from TEM images.

The tensile modulus of the stack (Estack) in the
direction parallel to its platelets can be calculated as
follows:

Estack ¼ /MMTEMMT þ /galleryEgallery (3)

where /MMT is the volume fraction of silicate (mont-
morillonite) layers in the clay stack, EMMT is the
modulus of montmorillonite, /gallery is the volume of
the gallery space (interlayer), and Egallery is the mod-
ulus of the material in the gallery.35,36 /gallery is the
ratio of the total gallery thickness to the total stack
thickness:

/gallery ¼ ðNc � 1Þðd001 � tplateletÞ
d001ðNc � 1Þ þ tplatelet

(4)

where Nc is the number of platelets per stack, d001 is
the d-spacing for the nanocomposite, and tplatelet is
the thickness of the silicate platelet.

The modulus for the montmorillonite platelet was
taken to be 178 GPa.36,37 The modulus for PPO/PS
was found to be 2.49 GPa from our present measure-
ments. The stack modulus does not vary signifi-
cantly with the clay loading as the number of clay
platelets per stack and d001 spacing for the nanocom-
posites do not change significantly with the clay
loading. With these parameters, the moduli for the
nanocomposites were calculated, and they are tabu-
lated in Table V. The modulus of the material in the
interlayer gallery (organic modifier and polymer)
can be neglected as it is very low compared to the
modulus of the clay platelet. However, the number
of platelets per stack, the d-spacing, and the volume
fraction of the interlayer spacing per clay stack
change with the clay loading, and these therefore
affect the modulus of a clay stack, thus leading to
the stack modulus changing with the change in the
clay fraction in the nanocomposite.

The Halpin–Tsai theory predicts a modulus value
of the nanocomposites comparable to that obtained
from experimental results, except for the higher level
6 wt % clay loading, at which there is some devia-
tion. Although the aspect ratio is slightly lower at
6 wt %, the equation predicts a slightly higher
modulus. Furthermore, when the experimentally
obtained aspect ratio values were averaged over all
clay loadings (2, 4, and 6 wt %) and used as a con-
stant parameter in the Halpin–Tsai equation, the pre-
dicted modulus value was found to slightly decrease
at 2 wt % clay and increase slightly at 6 wt %. These
changes, however, are not significant. At any partic-
ular loading value, qualitatively an increase in the
aspect ratio increases Young’s modulus. With the
Halpin–Tsai model, the modulus of the nanocompo-
site was also calculated, assuming an idealized com-
pletely exfoliated system for the purpose of compari-
son. These values are given in Table V. The modulus
values for the completely exfoliated system are 36–
115% higher over the 2–6 wt % range. The values of

TABLE V
Comparison of the Experimental and Theoretically Modeled Mechanical Moduli with Various Clay Loadings

Clay
(wt %)

d001
(Å)a Nc

b
Stack

thickness (Å)
Aspect
ratio

Estack

(GPa)c
Eexpt

(GPa)d
EH–T

(GPa)e
EH–T

(GPa)f
EH–T

(GPa)g

2 29.0 (10.2) 4.1 89.9 14.1 70.6 2.92 6 0.2 (17.3%) 2.84 2.80 3.98
4 31.0 (12.0) 4.8 117.0 10.8 64.7 3.21 6 0.14 (28.9%) 3.15 3.17 5.51
6 30.5 (11.5) 5.3 134.0 9.5 64.9 3.27 6 0.07 (31.3%) 3.40 3.48 7.06

The theoretical parameters are from the Halpin–Tsai model.
a The values in parentheses represent the difference between the d001-spacings of the composite and clay.
b Number of clay platelets per stack.
c Young’s modulus of the clay stack.
d Young’s modulus determined experimentally (values in parentheses show the percentage increase in the modulus

with respect to the unfilled blend).
e Young’s modulus determined with the Halpin–Tsai model.
f Young’s modulus determined with the Halpin–Tsai model (average aspect ratio).
g Young’s modulus determined with the Halpin–Tsai model (complete exfoliation).
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Young’s modulus calculated from the theory and
experiments are shown in Figure 7 as a function of
the clay loading, and good agreement between the
experimental data and theoretical calculations can be
observed.

CONCLUSIONS

New intercalated and dispersed PPO/PS blend
nanocomposites with organically modified clay were
prepared with a melt-mixing method under appro-
priate processing conditions, which included a lower
melt temperature compared to the conventional con-
dition for this fundamentally interesting and indus-
trially important miscible polymer blend. The effects
of the clay loading on the nanoscale and mesoscale
structures, morphology, and thermal and mechanical
properties are investigated to the best of our knowl-
edge for the first time here. WAXD shows a signifi-
cant amount of penetration of PPO and PS chains
between the silicate layers. The lower processing
temperature (1808C) prevents degradation of the or-
ganic modifier, which is necessary for polymer inter-
calation between the clay layers. The change in the
d001-spacing due to polymer intercalation is 12 Å
over the 2–6 wt % range of clay fractions studied.
The level of intercalation for PPO/PS blend nano-
composites in our present study is quite comparable
to that reported in the literature for PS nanocompo-
sites prepared with the same organoclay. This is
mainly due to the same molecular thermodynamic
potential of PPO along with intercalating PS, both of
which form favorable interactions with the aliphatic
and benzyl groups and segments of the organoclay.

These nanocomposites show negligible change in
Tg, as measured by DSC, and this is similar to
results previously reported for melt-processed PS
nanocomposites in the literature. The thermal stabil-
ity of the nanoscale hybrids is higher than that of
the blend, as determined by TGA. The onset of deg-
radation for these blend–clay nanocomposites
increases by 408C, whereas the overall thermal sta-
bility is improved by 488C; this is similar to the
observations made for PS nanocomposites prepared
by melt processing and reported previously in the
literature. Hence, we also conclude that in this par-
ticular case of new miscible blend–clay intercalated
nanocomposites, the compositionally dominant poly-
mer phase in the blend controls the thermal degra-
dation behavior. The mechanical tensile modulus of
the nanocomposites varies roughly linearly with the
clay fraction, as has been observed for hybrids with
other thermoplastic polymers previously, and the
value of the modulus increases by 31% with 6 wt %
organoclay. The experimentally measured modulus
compares very well with theoretical values calcu-

lated with the Halpin–Tsai model with aspect ratios
used from the experimental measurements (WAXD
and TEM). With the aspect ratio of the clay stacks
remaining roughly constant over the range of filler
loadings, a single value could also be used success-
fully to predict the modulus as a function of loading
without the need for experimentally derived param-
eters at each level of clay fraction in the matrix. The
tensile strength (break stress) and the maximum
elongation (break strain) decrease with an increase
in the clay loading, and this is not unusual for inter-
calated thermoplastic–clay nanocomposites.

The authors are thankful to Southern Clay Products, Inc.
(Texas, USA), and appreciate the generous gift of the clay
samples. The assistance provided by R. S. Gholap with the
transmission electron microscopy imaging is very much
appreciated.
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