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Abstract. 4 wt% multiwalled carbon nanotubes (MWCNTs) were incorporated into a miscible blend of polyphenylenether/
polystyrene (PPE/PS) on a twin-screw extruder at a screw speed of 600 rpm. The masterbatch obtained was diluted at 400
and 600 rpm to obtain lower MWCNT loadings in PPE/PS. Electron microscopy & optical microscopy images show very
good MWCNT dispersion even at high filler loadings of 4!wt%, but slightly larger agglomerate size fractions are observable at higher screw speeds. While MWCNT addition enhanced the thermal stability of PPE/PS, a small change in glass transition was observed on the composites at different filler concentrations compared to PPE/PS. The specific heat capacity at
glass transition decreases considerably until 2!wt% MWCNT and levels down thereafter for both processing conditions pointing to enhanced filler-matrix interaction at lower loadings. Storage modulus of the nanocomposites was enhanced significantly on MWCNT incorporation with reinforcing effect dropping considerably as a function of temperature, especially at
lower filler contents. The modulus and the tensile strength of PPE/PS were only marginally enhanced in spite of excellent
MWCNT dispersion in the matrix. Electrical percolation occurs at 0.4!wt% MWCNT content, and the electrical conductivity of 0.5!wt% MWCNT reinforced PPE/PS was close to 12 orders in magnitude higher compared to PPE/PS.
Keywords: nanocomposites, carbon nanotubes, twin-screw compounding, characterization and properties

1. Introduction

Carbon nanotube (CNT) reinforced polymer nanocomposites have generated significant interest due
to the excellent inherent mechanical, electronic and
thermal properties of CNTs as reported by Dresselhaus et al. [1]. Reality however indicates otherwise
as it has not been possible to achieve the expected
commercial success out of these materials owing to
the intrinsic tendency of CNTs to agglomerate due to
van der Waals forces. The intrinsic cohesive strength

of the agglomerates is quite high which makes it
difficult to achieve only individually dispersed
CNTs in the matrix. Although the extent of initial
agglomeration have been demonstrated to be successfully reduced by suitable processing conditions
[2, 3], desired results especially from the perspective of developing good mechanical properties have
been difficult to obtain. The high aspect ratio of
CNTs which is expected to enhance the efficiency of
reinforcement at extremely lower filler loadings com-
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pared to its competitors like carbon black, carbon
fibers etc. is one reason why CNTs are so attractive.
The degree of dispersion of CNTs and the consequent macroscopic behavior is strongly dictated by
the choice of the matrix [4, 5], the type of CNT [6–9]
and modification of their surface [10–13], and the
processing method and associated parameters [2, 3,
14]. Low filler percolation thresholds have been
achieved with CNT reinforcements in epoxy [15,
16], owing to excellent filler dispersion and better
compatibility of the CNTs with the resin. Nevertheless, nanocomposites based on thermoplastic resins
show more complexities especially when analyzing
the effect of processing method on the final properties. Several possibilities exist for the processing of
CNT/thermoplastic nanocomposites, but melt mixing is the most interesting from the viewpoint of
large-scale industrial processing. CNT based thermoplastic polymer nanocomposites produced by
compounding on a twin-screw extruder requires the
control of a great number of process variables to
tailor the quality of dispersion. Typically, melt compounding must be accompanied by a secondary processing step of either compression molding or
injection molding to produce the final part. The low
viscosity and minimal influence of shear during
compression molding facilitates a suitable environment for the nanoscale re-agglomeration of the previously dispersed agglomerates increasing the composite conductivity [14, 17]; while decreasing composite mechanical properties. On the other hand,
injection molding leads to higher composite bulk
resistivity and anisotropy in mechanical characteristics due to two principal reasons: orientation of the
CNTs in the direction of flow due to process shear,
and the polymer rich skin-core structure due to high
temperature differences between the mold wall and
the composite melt [18]. Thus, there is a clear relationship between the percolation threshold and the
processing methodology.
Several CNT/thermoplastic nanocomposites have
been investigated for improvements in mechanical
properties, electrical properties or both on single
polymers [4, 14, 18] and polymer blends [19, 20].
Polymer blends offer an attractive proposition owing
to their innovative properties combining the valuable characteristics of the participating polymers.
The effectiveness of filler incorporation in a polymer blend is dependent on the wetting parameter
and the compatibility of the blends at the molecular

level, the former assuming much significance in
immiscible blends. The main interest arose in this
field after the explanation of the double percolation
strategy by Sumita et al. [21] in carbon black filled
polymer blends. When the phase in which the filler
is localized acts as a continuous phase, the percolation occurs at very low concentration. Double percolation strategy (or co-continuous morphology) has
seemingly worked leading to low percolation thresholds especially from the point of electrical conductivity. Multiwalled carbon nanotube (MWCNT)
incorporation in polyamide 6 (PA6)/polypropylene
(PP) resulted in the selective localization of CNTs
in the PA6 phase and a small amount was also found
in the interphase between the polymers [20]. In the
study reported by Bose et al. [22], nanocomposites
based on PA6/acrylonitrile butadiene styrene (ABS)
were prepared by melt mixing and a preferential
localization of CNTs was observed on the PA6 phase
while a few were found to be bridging the two
phases. Several other blend systems filled with CNTs
such as polycarbonate (PC)/polyethylene (PE) [19],
poly("-caprolactone)/polylactide (PCL/PLA) [23],
polyamide (PA)/ethyl acetate (EA) [24], PP/ABS
[25], polyethylene terephthalate (PET)/polyvinylidene fluoride (PVDF) [26] etc. have also been investigated. However, incorporating MWCNT into miscible polymer blends is seldom reported and hence
we focus our attention on this issue in this work.
Polyphenylenether/high impact polystyrene (PPE/
PS) is one of the very few completely miscible polymer blends commercially available. The miscibility
at the molecular level is a result of the strong interaction between the phenylene ring of PPE and phenyl
ring of PS [27]. Tiwari et al. [28] reported enhanced
thermal stability and mechanical properties with the
addition of nanoclay onto PPE/PS by melt mixing.
In this work, we expect a good compatibility
between PPE/PS and MWCNTs, principally due to
the presence of phenyl groups on all components
and possible hydrogen bonding. Higher PPE loading presents enhanced polarity to the blend [29],
and this could be expected to contribute to the
increased compatibility of the blend with the
MWCNTs leading to good filler dispersion in the
matrix.
We report the effect of MWCNTs on the morphology, thermal, mechanical and electrical properties
of PPE/PS nanocomposites processed on a lab scale
twin-screw extruder in this article.
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2. Experimental
2.1. Materials
MWCNT grade NC7000 (Nanocyl S.A., Sambreville, Belgium) used in this work was produced by
the chemical vapor deposition (CVD) process. It
had a carbon purity of 90%, average length of
1.5 #m, average diameter of 9.5 nm and surface area
of 250–300 m2/g according to the suppliers. Noryl®
731, a commercial blend of PPE/PS was used as
matrix and was supplied by SABIC Innovative Plastics. It had a melt flow rate (MVR) of 8 cm3/10 min.
The polymer was dried for 4 h at 120°C while the
MWCNTs were used as-received.
2.2. Processing of the composites
PPE/PS-MWCNT nanocomposites were produced
with a throughput of 1 kg/h on a twin-screw co-rotating laboratory extruder Prism Eurolab 16 (Thermo
Fisher Scientific, Waltham, USA) with D = 16 mm
and L/D = 25. The barrel temperatures were set to
280°C while two screw speeds of 400 and 600 rpm
were employed. A screw profile with a combination
of transporting, kneading and back flow elements
was employed. MWCNT was fed to the extruder
with a pneumatic feeder (Brabender Technologie
GmbH & Co. AG, Duisburg, Germany) together
with polymer pellets through the main hopper at a
screw speed of 600 rpm which resulted in a masterbatch of 4.0 wt% MWCNT content. Nanocomposites with lower MWCNT loadings (0.5, 1, 1.5 and
2 wt%) were prepared by masterbatch dilution. The
4 wt% MWCNT filled masterbatch was re-processed
at both screw speeds to produce reference composites. Specific mechanical energy (SME) is an important parameter in extrusion. It is a measure of the
resulting energy going into the compounding per
unit mass of the melt from the motor and is given by
Equation (1):
Nprocess
Qrat~T~
h
Nmax ~
kWh
d 5
SME c
(1)
kg
M

where Qrat – motor rating [kW], T – % of maximum
permissible torque used, Nprocess – screw speed for
the process [rpm], Nmax – maximum permissible
speed [rpm], ! – gearbox efficiency [%] and M –
process throughput [kg/h].
For measuring and characterization of PPE/PS nanocomposites, plates and bars with varying dimensions (refer section 2.3) were prepared by compres-

sion molding in a Collin 6300 press (Dr. Collin
GmbH, Ebersberg, Germany) aided by ZYVAX
water shield mold release agent (ZYVAX, Ellijay,
USA). Processing was based on five-step program
with pressures varying from 10 to 210 bars between
steps at constant upper and lower plate temperatures of 290°C.
Injection molding of the extruded composites were
carried out with the help of a BOY Spritzgiessautomaten 12A equipment (Dr. Boy GmbH & Co. KG,
Neustadt-Fernthal, Germany) fitted with a CTM12LH mold temperature control to produce composite bars for mechanical testing. The temperatures of the mold and melt were set at 100 and 290°C
respectively, and the melt was injected into the
mold at 100 mm/s. An injection speed of 10 mm/s
was also employed to study variations in a few composites.

2.3. Characterization of the composites
Scanning electron microscopy (SEM) was carried
out using a JEOL JSM-7001F FESEM (JEOL,
Tokyo, Japan) on cryofractured compression-molded
plates. The samples were coated with Platinum for
20 sec at 40 mA on a sputter coater. Optical micrographs of the composites were made on thin films
of approximately 20 #m thickness.
Thermo-gravimetric analysis (TGA) was carried
out on TGA Q5000 (TA Instruments, New Castle,
USA). Around 15 mg of extruded granulates were
heated from 50 to 900°C at a heating rate of
20°C/min under air atmosphere. The temperature at
which 5!wt% of the material has been degraded is
taken to be the temperature of onset of degradation
(Tonset) and is evaluated from the temperature vs %
weight loss curve.
Differential scanning calorimetry (DSC) measurements were carried out on extruded granules (8–
10 mg) using a PYRIS Diamond DSC (Perkin Elmer,
Waltham, USA). Samples were heated from 40 to
180°C at a heating rate of 10°C/min to remove any
thermal history on the material. The sample was
then cooled to 40°C at the rate of 30°C/min. Second
heating regime was performed similar to the first
heating and these observations were used for interpretations. The glass transition temperature (Tg) and
the change in specific heat capacity (Cp) at Tg were
measured.
Dynamic mechanical behavior of the PPE/PSMWCNT nanocomposites was measured on DMA623
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2980 (TA Instruments, New Castle, USA) with dual
cantilever clamp at a vibration frequency of 1 Hz
from 35 to 200°C and scan rate of 3°C/min. Compression-molded samples (35 mm$% 10 mm$%
1.95 mm) were used for the test.
Electrical volume conductivity of the nanocomposites (at least three samples) were measured on compression molded bars (60 mm$% 10 mm$% 2 mm) following the Van der Pauw method with four point
contact configuration (ISO 3915) using a Keithley
Multimeter DMM 2000 (Keithley Instruments Inc.
Cleveland, USA). Silver electrodes were painted on
the samples in order to minimize contact resistance.
The volume conductivity of PPE/PS matrix (three
samples) was measured with the help of a Keithley
Electrometer 6517A combined with a Keithley
8009 resistivity test fixture on compression molded
plates (110 mm$% 110 mm$% 2 mm) owing to the
inability to measure range of conductivities using
the previously mentioned set up. In addition to these,
the volume conductivity of the extruded strand was
measured similarly to the methodology adopted on
compressed bars. The electrical percolation threshold was estimated using the scaling law which
describes the statistical percolation behavior in the
vicinity of percolation (Equation (2)):
s r 1w 2 wc 2 t

(2)

ates by the melt, matrix infiltration into the agglomerates subsequently followed by the dispersion of
agglomerates by erosion, or rupture (i.e. agglomerate shattering) mechanisms determined by the fragmentation number as reported elsewhere [30].
Though wetting, infiltration and dispersion mechanisms directly contribute to the nature and type of
the matrix material and CNT, the nature of processing significantly influences the final morphology of
the extruded composite.
Figure 1a shows the variations in the SME inputs as
a function of MWCNT loadings at two different
processing speeds. Increasing the processing speed
from 400 to 600 rpm augmented the SME by a factor of approximately 1.5 owing to the increase in
the shear stresses applied to the melt. This is quite
significant as all the other process parameters
remained constant. The SME for the processing of a
PPE/PS-4!wt% MWCNT masterbatch stood at
0.87 kWh/kg. The other nanocomposites processed
by diluting or re-processing masterbatch showed
lower SME’s as a result of initial agglomerate dispersion in the masterbatch. The increase in
MWCNT loadings resulted in higher SME values
owing to the increase in the viscosity which is a
direct function of the filler concentration and its
dispersive morphology in the matrix. Improvement
in the quality of dispersion with the process condi-

where " – experimental volume conductivity for
w & wc, w – MWCNT concentration [wt%], wc –
critical/percolation MWCNT concentration [wt%],
t – critical exponent governing the dimensionality
of the system.
Tensile testing of the injection-molded composites
was carried out on at least 5 specimens using an
Instron Universal Machine 3343 (1 kN load cell)
(Instron Deutschland GmbH, Pfungstadt, Germany).
Dumb-bell shaped specimens (4 mm thick) were
tested according to the ASTM D638 standard. The
samples were drawn at a crosshead speed of
5 mm/min at room temperature. The samples were
conditioned for 24 h at 23°C and 50% RH before
testing.

3. Results and discussion
3.1. Effect of processing parameters on
morphology

MWCNT dispersion in matrix is a complicated mechanism involving the wetting of MWCNT agglomer-

Figure 1. Variation of SME inputs with MWCNT loadings
as a function of processing speed (a) and the
sketch showing dispersive morphology at different loadings (b)
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tion owing to de-agglomeration presents an
increased surface area for the MWCNTs to interact
with the matrix consequently enhancing the viscosity and thus the SME input. With further increase in
MWCNT loading (at 2!wt% for both processing conditions here), the threshold for optimum filler dispersion could have been exceeded. This represents a
scenario where CNT agglomerates behave like
large particles which would eventually lower the
viscosity than what would be achieved with a perfectly dispersed morphology. Hence, we find a
decrease in the SME at this filler concentration. Further addition of MWCNTs would result in the
increase in SMEs principally because of the increased
density of agglomerates. This is well illustrated by
the sketch in Figure 1b.
Although significant variations in the processing
conditions were observed by analyzing the mixing
energies, the morphologies of the nanocomposites
observed by SEM in Figure 2a–2d do not show
many differences in the qualities of dispersion. It

was also surprising to note the lack of visible agglomerates even at loadings of 4!wt% which is quite
uncommon when dealing with CNTs. Aromatic
group interactions between the matrix and the CNT,
together with the polar nature of PPE/PS could have
contributed to better filler-matrix compatibility and
hence excellent MWCNT dispersion in the matrix.
In spite of the high resolution SEM images not showing significant variations in the degree of MWCNT
dispersion, it was interesting to note that the optical
micrographs of PPE/PS-0.5!wt% MWCNT composite processed at 600 rpm (SME = 0.77 kWh/kg)
showed larger agglomerates than those observed on
its 400 rpm (SME = 0.53 kWh/kg) counterpart (Figure 3). This could be due to the shorter residence
time for the melt at higher processing speed, which
inhibits the efficiency of de-agglomeration of the
primary CNT agglomerates.
It is typical of CNT incorporation into an immiscible polymer blend to have a substantial influence on
the size of the dispersed phase, this however was

Figure 2. SEM Morphology (a) PPE/PS-4 wt% MWCNT (Masterbatch), (b) PPE/PS-4 wt% MWCNT (MasterbatchHigher magnification), (c) PPE/PS-0.5 wt% MWCNT-600 rpm and (d) PPE/PS-1.5 wt% MWCNT-600 rpm
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Figure 3. Representative optical micrographs of PPE/PS-0.5 wt% MWCNT composites processed at 400 rpm (a) and at
600 rpm (b)

not observable in this work as PPE/PS is miscible
on a molecular level and hence the SEM images are
not presented here.

3.2. Thermal stability of the nanocomposites
Figure 4 shows the onset temperature of thermal
degradation of the prepared nanocomposites and
the pristine matrix. The pure PPE/PS material
(PPE/PS-1) and the PPE/PS-4!wt% MWCNT masterbatch showed Tonset at 417 and 426°C respectively.
The presence of MWCNTs can lead to the stabilization of PPE/PS matrix, resulting in enhanced thermal
stability (about 9°C) of the nanocomposite compared to the pristine polymer. It is well known that
CNTs belonging to the C60 family have high electron affinities of about 2.65 eV [31] enabling them
to act as efficient radical scavengers. The strong radical accepting capacities interrupt the radical propagation mechanism and hence decrease the rate of

Figure 4. Temperature of onset of degradation (Tonset) of the
matrix and the composites as a function of
MWCNT content

degradation. This may be the main reason why
nanocomposites exhibit better thermal stability
compared to the pure polymer. The MWCNTs can
effectively act as physical barriers to hinder the
transport of volatile decomposed products out of
PPE/PS nanocomposites during thermal decomposition.
A 4°C decrease in Tonset is observed when the pure
PPE/PS is processed twice (PPE/PS-2) as compared
to PPE/PS-1. The thermal stability of the material
suffers in reprocessing as a result of polymer degradation. The same tendency could be expected with
nanocomposites which have been processed by diluting the masterbatch. The thermal stability of the
samples processed with 400 rpm is slightly better
than those processed at 600 rpm. The quality of dispersion which was slightly better in the samples
processed with 400 rpm enhanced the thermal stability owing to the creation of enhanced MWCNT
surface area for interaction with the polymer. To
add to this is the contribution of polymer degradation at higher processing speed.
The thermal stability of the composites increased
significantly up to 1.5!wt% MWCNT loading,
increasing filler addition beyond this loading does
not seem to have a role in regulating the thermal
stability of the composite. The filler loading and
their respective quality of dispersion would have
been the best at 1.5!wt% MWCNT loading, beyond
which agglomeration tendencies of CNTs would
have an impact on the composite properties. This
correlates well with the observations and discussion
on the SME of the composites from Figure 1.
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The thermal stability of nanocomposites is determined by competitive effects. Whereas MWCNTs
act as radical scavengers at low loadings [14] delaying the degradation pattern and enhancing thermal
stability, it has also been reported that the enhancement in thermal conductivity on MWCNT addition
to the matrix lowers the degradation temperatures
[32]. The thermal stability of the nanocomposites
depends to a certain extent on the interaction
between the phases [33] (which can be presumed to
be good here at least from the matrix perspective as
PPE/PS is miscible) and the amount of residual
metal catalyst in the MWCNTs which was used for
their production. The quality of dispersion obtained
by process conditions and the effect of polymer
degradation also has to be accounted for. The fact
that the masterbatch shows higher thermal stability
than the diluted nanocomposites at 400 and
600 rpm conveys the combined effect of polymer
degradation, dispersion quality and the reinforcing
effect of MWCNTs on the thermal stability. It
should however be stated that the magnitude of
thermal stability increase observed with the PPE/
PS-MWCNT nanocomposites compared to PPE/PS
is significantly lower than those observed on PS/
MWCNT nanocomposites [14] where close to 45°C
variations were observed between pure PS and
2 wt% MWCNT reinforced nanocomposites depending on process conditions.

3.3. Glass transition and matrix-filler
interactions
Glass transition measurements provide a qualitative
measure of the interaction of the filler with the
matrix. Here, glass transition values are reported
from the variation of heat capacity from DSC measurements and temperature corresponding to the
instance of maximum value of loss modulus (E!)
and temperature at maximum tan delta (tan !) inflexion from the DMA measurements. DMA measurements are conducted at frequency range of 1 Hz
compared to those of 10–2–10–3 Hz employed in
DSC [34] and this could be the reason for the variation in the magnitude of Tg measured by the two
methods.
From the DSC measurements, it can be seen that the
Tg of once extruded PPE/PS-1 stood at 138°C while
re-processing it (PPE/PS-2) under the same conditions resulted in a slight Tg drop (Figure 5). Polymer
degradation with enhanced processing history could

be the only reason to explain this Tg drop. Though we
speak of thermal degradation here, it is important to
be wary of the fact that we had earlier observed a
slight enhancement in thermal stability with varying MWCNT loadings into PPE/PS. On the other
hand comparing PPE/PS-1 with the PPE/PS-4 wt%
MWCNT masterbatch, Tg increase of 1.6°C is
observed in the latter which is principally a result of
the filler addition resulting in an interface between
the matrix and the filler. Going along this notion, it
is worthwhile to refer to the values of PPE/PS-2 for
comparison with the composites. MWCNT addition
increases the glass transition temperature of the
matrix, but the variations are not very significant.
The values are slightly higher for nanocomposites
processed with 400 rpm. After a defined MWCNT
loading, Tg suffers slightly.
The principal attribute in a filler-polymer system is
the mechanism with which the filler and the polymer contribute to the property fluctuations both on
microscopic and macroscopic scales. With CNT reinforcements in polymers three different interactions
could be thought of namely polymer-CNT interaction, CNT-CNT interaction and polymer-polymer
interaction. At optimum MWCNT concentrations,
the two morphologies of fillers would be bridged by
a polymer chain if the distance between the neighboring CNT would be less than the actual radius of
gyration of the chain. When the MWCNT loading
exceeds the threshold for the nanocomposite system
in reference, there would be many polymer chains
contributing to link the CNT.
Addition of the filler imposes a restriction on the
molecular mobility of the polymer in close vicinity

Figure 5. Observation of glass transition (Tg) by DSC and
DMA measurements
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to the filler contributing to the increase in glass transition. Tg of the intermediate layer is dependent upon
the thickness of the layer [35, 36] and it decreases
with approaching distance to the bulk polymer.
When the MWCNT concentration is high, the probability for a filler-filler interaction is high resulting
in decreasing size of the intermediate layer owing
to their overlapping. This could potentially cause an
overall reduction in the Tg because of the increase
in the free volume for polymer chain mobility.
As MWCNT addition in theory could catalyze polymer degradation [37], the contribution of chain degradation with MWCNT addition and higher speeds of
processing should also be taken into account while
interpreting these observations. However, it is very
difficult to quantify the contribution of degradation
and polymer-filler interaction in affecting glass
transition. Similar trends of glass transition observations have also been reported on MWCNT filled
polystyrene composites [14], but the magnitude of
Tg variations was very significant in those observations.
Variation of specific heat (Cp) during glass transition is a good indicator for the measurement of the
level of interaction between the polymer and the
filler. It is possible to estimate the fraction of polymer taking part in the glass transition [38]. The
fraction of the polymer in direct contact with the
filler (tethered onto the filler surface) behaves much
different than the bulk and this layer has been
regarded as immobile or a rigid amorphous fraction
by Litvinov and Speiss [39]. The contribution of this
fraction towards glass transition would be minimal
as compared to the bulk polymer. With increasing
filler contents it is expected of this rigid amorphous
fraction to grow in stature thereby reducing the
amount of polymer taking part in the glass transition and lowering the specific heat. Figure 6 shows
the changes in the specific heat with MWCNT loadings at two different processing speeds. The Cp at
glass transition of PPE/PS-2 was lowered from
0.252 to 0.216 and 0.213 J/(g·°C) on addition of
1 wt% MWCNT at 400 and 600 rpm respectively.
Nanocomposites processed at 600 rpm always
showed lower Cp values than its 400 rpm counterpart. The fact that the 4!wt% composites re-processed
composites from the masterbatch showing lower Cp
values may be attributed to the fact that the variation of Cp is also dependent on the morphology
(quality of dispersion) in spite of polymer degrada-

Figure 6. Variation of specific heat at glass transition of the
nanocomposites with varying MWCNT loadings
at two different processing speeds

tion enhanced processing history. Enhanced surface
area of interaction presented by the filler for interaction with the polymer matrix would result in lower
Cp values, owing to increased probability of interaction. The rate of Cp decay however slows down on
greater than 2!wt% filler reinforcement which probably indicates the MWCNT threshold. It is also
interesting to observe, at higher MWCNT loadings,
a decrease in Tg and Cp, which is quite uncommon
but has however been earlier reported [40, 41].
The area under the tan # curve of DMA measurement is a measure of the amount of polymer taking
part in the glass transition according to Brady et al.
[38]. Figure 7 shows that the area under the tan #
decreases with increase in the filler concentration at
the same processing parameters. It is very complicated to evaluate this area for quantitative assessments of polymer-CNT interactions (in terms of evaluating the amount of immobilized polymer etc.).
It is generally accepted that the decrease in the storage modulus (E() of the composites with increase in

Figure 7. tan # observations as a function of MWCNT content at 600 rpm processing
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Figure 8. Variation of storage modulus as a function of
MWCNT content at 600 rpm. Inset: zoomed view
of the composites at 400 and 600 rpm.

temperature is a result of the co-operative motion of
polymer chains leading to energy dissipation. This
is among one of the significant observations with
our nanocomposite system as well. E( of the nanocomposites measured by DMA is shown in Figure 8.
The temperature regime has been broken in the axis
to illustrate the effects of MWCNT incorporation
both in low and high temperature regimes.
Considering the glassy regime, the addition of
4 wt% MWCNT to the matrix (masterbatch) has
resulted in a 10% increase in the E(. The modulus of
the matrix increased with MWCNT additions primarily due to the inherently higher stiffness of the
filler. Increasing addition of MWCNT is generally
expected to result in higher modulus, but this need
not necessarily be the case always. The composite
containing 0.5!wt% MWCNT exhibited a modulus of
1668 MPa at 40°C, higher than its counterpart with
4!wt% CNT loading but less than that of the masterbatch. Also interesting was the significant reduction
in the modulus of the masterbatch (E( = 1763 MPa)
when it was re-processed (E( = 1620 MPa). These
observations point to the fact that the filler loading
fraction does not alone suffice for enhancing the
modulus of the composites, but the morphology of
the composite and the degradation effects also make
significant contributions. These observations are
slightly contradictory to the extent of Cp change at
different MWCNT loadings, but it must be noted
that DMA measurements have been made on compression molded samples where potential re-agglomeration of the previously dispersed tubes could have
changed the morphology.
When the CNT-CNT distance is less than the radius
of gyration of the polymer, the polymer chains tend

to bridge the CNTs. With increase in the temperature, the chains lose their stiffness and the morphology is completely revamped and the stability of the
polymer-CNT chain decreases and the system is
dominated by the polymer-polymer entanglements.
At lower CNT loadings this could be a potential
cause for the drastic reduction of stiffness with temperature. This is clearly observed where very little
difference is noticed between the matrix and the
0.5 wt% MWCNT reinforced composite. When the
filler loading fraction is higher, there is an increased
probability of enhanced filler-filler interaction which
dominates the aforementioned drawback contributing to enhancement of the mechanical properties;
however with the tradeoff of CNT agglomerates
acting as elements of stress concentration. At temperatures above the glass transition, very little differences were observed between the modulus of the
matrix and the composites.
E( of the composites processed with 600 rpm were
always higher than their 400 rpm counterparts until
2!wt% MWCNT loadings (refer inset of Figure 8).
At 4!wt% loading the sample processed with 400
rpm showed higher E( which may be attributed to
degradation effect in addition to existence of larger
primary agglomerates.

3.4. Mechanical properties of the
nanocomposites
Figure 9 shows the mechanical properties of PPE/
PS and its composites processed with a screw speed
of 400 rpm and injection-molded thereafter using
an injection speed of 100 mm/s. The elastic modulus of PPE/PS (2746 MPa) increases by about 2%
on the incorporation of 0.5!wt% MWCNT. Increasing MWCNT additions further results in improvement in the elastic modulus with 4!wt% filler incorporation leading to an increase of modulus by 11%.
It is expected of inorganic filler to improve the modulus of PPE/PS, and with significantly high aspect
ratio of CNTs substantial increase was expected
theoretically. A significant reduction in the aspect
ratio of the as-received CNTs can be expected as a
result of the compounding and the injection molding processes. Also, it might be the case that we do
not find individualized CNTs in the matrix (which
inherently should have higher modulus), and hence
the contribution of the filler to the composite modulus primarily comes from its agglomerates. The
agglomerate modulus of the CNTs may not be sig629
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Figure 9. Mechanical properties of the composites (diluted
from PPE/PS-4 wt% MWCNT masterbatch) and
PPE/PS (processed twice through the extruder) at
400 rpm. All samples have identical processing
history.

nificantly higher than that of the already stiff PPE/
PS matrix so as to lead to the expected reinforcement. The chance for the dispersed CNTs to exist as
entanglements is higher than as a long rigid rod.
These reasons could have contributed to lower than
expected elastic modulus of the composites in spite
of excellent MWCNT dispersion in the matrix (as
observed from Figures 2 and 3). Similar observations have been reported earlier in [42–44].
The tensile strength of the composites as observed
in Figure 9 happens to be almost identical to the
stress at yield and the stress at break. The addition
of 0.5 and 1!wt% MWCNT to PPE/PS resulted in a
very minimal drop in the tensile strength of PPE/PS
(50.9 MPa), but further MWCNT addition resulted
in improved composite tensile strength. The tensile
strength of the composite containing 4!wt% MWCNT
was around 9% higher than that of the matrix. The
load bearing capacity of the CNTs is strongly dependent on the level of filler dispersion, matrix-filler
interface, aspect ratio of the CNTs and the intrinsic
strength of the CNT. In spite of the enhanced surface area available for CNT as a result of good filler
dispersion that would facilitate improved polymerfiller interaction, the CNTs used in this work were
not functionalized and hence the possibility of a
strong interface between the PPE/PS and CNTs is
less likely. The aspect ratio of the CNTs in the end
composite would not be significant (compared to its
as-received form) and the inherent strength of the
agglomerated CNTs is obviously not sufficient to
create substantial reinforcement. Such reports of
very slight improvements or deterioration or tensile
strength of polymer-CNT composites are not

uncommon [45–47]. It is widely accepted that the
addition of CNT results in the lowering of composite ductility. The strain at break of PPE/PS is lowered by 70% on the addition of 0.5!wt% MWCNT
and by about 400% on the addition of 4!wt%
MWCNT. Higher CNT loading fraction together
with the increasing presence of CNT agglomerates
can be attributed to the dramatic lowering of the
ductility of the composites.
The mechanical properties of the composites
processed at 600 rpm (not presented here) are
slightly lower than that of its counterparts processed
at 400 rpm. The combined effect of slightly poorer
quality of macro dispersion of CNT in the composites processed at higher screw speeds (Figure 3),
potential polymer degradation, and increased reduction in the length of the CNTs during the compounding process may explain the aforementioned.
Concerning the composites processed with a lower
injection speed (10 mm/s), it was found that the
modulus of the composite containing 0.5!wt% CNT
was 2% lower than those observed for composites
processed with an injection speed of 100 mm/s
(Figure 9). Similar observations were also found on
the composites with higher CNT loading. Even
though the probability of CNT aspect ratio reduction would be higher at a higher injection speed,
higher modulus of the composites in this case
points out the fact that filler orientation (predominant at higher injection speed) plays a key role in
affecting the tensile behavior of the composites.
Observation of tensile testing results indicate that it
is possible to slightly enhance the mechanical properties of miscible PPE/PS blend by the addition of
CNTs with a compromise in composite ductility.
This would be a certain value addition to any
improved electrical properties of the composite
towards the development of a multifunctional composite.
It has to be mentioned here that a direct comparison
of the mechanical properties of the composites
observed on tensile testing (wherein tested samples
were processed by injection molding) to those
observed from the DMA measurements (wherein
tested samples were processed by compression
molding) would not be realistic. The observed properties are influenced by the distribution of CNTs
and orientation of flow, anisotropy, crystallinity,
etc. which arise due to the nature of the composite
shaping process.
630
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3.5. Electrical volume conductivity of the
nanocomposites
The electrical conductivity of the compression
molded samples and those of the extruded strands
are presented in Figure 10. The electrical conductivity of pure PPE/PS was measured to be
1.1·10–15 S/cm. Irrespective of the processing speed
of the twin-screw extruder, the electrical conductivity of the compression molded PPE/PS-0.5!wt%
MWCNT composite was 12 orders of magnitude
higher than those observed on the pure matrix. Further additions of the filler only contributed to slight
improvement in electrical properties. By fitting the
measured conductivity data to Equation (2) the percolation concentration (wc) and exponent (t) for the
composite processed at 600 rpm is observed to be
0.395!wt% and 1.53 respectively with high a R2
value of 0.998 (indicating excellent fit of the regression line to the measured data). The composites
processed at 400 rpm shows ‘wc’ and ‘t’ values of
0.4!wt% and 1.62 respectively, also with a very high
R2 value of 0.996. Hence, the percolation threshold is
not significantly affected by employing varying
screw speeds, if the secondary processing operation
happens to be compression molding. The determined values of ‘t’ as 1.53 and 1.62 for the composites processed with 600 and 400 rpm respectively,
agrees well with typically reported ‘t’ values in literature between 1.3 and 4 [48], but according to the
same literature the physical interpretation of this

critical exponent is still controversial. However, it
can be interpreted that lower values of ‘t’ would
mean an abrupt variation in the electrical properties
in the vicinity of the percolation, as the magnitude
of ‘w –!wc’ is less than 1. According to [16, 25], the
estimated ‘t’ values of the PPE/PS-MWCNT composite system show that electrical percolation is principally governed by the 2-D network of MWCNTs
in the matrix.
The compression molded composite samples showed
similar electrical conductivity irrespective of the
processing speeds at a fixed MWCNT concentration. However, it is interesting to note the variations
in the conductivities of the extruded strand. A
1.5 wt% MWCNT loaded PPE/PS composite
processed at 600 rpm exhibited three orders of magnitude lower resistivity than those observed on samples processed at 400 rpm. The potential re-agglomeration of the MWCNT as observed in the optical
micrographs caused by enhanced SME at 600 rpm
could be responsible for creating a conglomerative
conductive pathway with comparatively large sized
agglomerates and individualized nanotubes compared to processing with 400 rpm. The extent of
variation decreases at higher MWCNT loadings
which may be attributed to enhancement in nanotube content in a defined volume either by
increased CNT-CNT contacts or reduced hopping/
tunneling distance. The fact that compression molding reduces the percolation threshold owing to facilitation of nanoscale re-agglomeration at higher temperatures (low viscosity) of pre-dispersed nanotubes (created due to extrusion/melt mixing) explains
why the volume resistivities in the extruded strands
are higher than those observed on the compression
molded bars at lower MWCNT concentrations.

4. Conclusions

Figure 10. Electrical volume conductivity measurements
on extruded strands and compression molded
bars of PPE/PS with varying MWCNT loadings
at 400 and 600 rpm. Inset: log-log plot of conductivity of the compression molded samples as
a function of (w –!wc) with exponent ‘t’ and percolation concentration ‘wc’ determined from
Equation (2).

PPE/PS nanocomposites with varying MWCNT contents were processed on a twin-screw lab scale
extruder employing two different processing speeds.
Good MWCNT dispersion morphologies were
observable on different metric scales from the SEM
images and optical micrographs for composites
with lower CNT contents. The latter also showed
that composites processed at higher screws speeds
exhibited larger agglomerate size fractions than
those processed at lower screw speeds.
The counter balance between the reinforcing effect
of dispersed CNT and the polymer degradation at
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higher processing speeds and at higher filler concentrations determined the thermal stability of the
nanocomposites. DSC and dynamic mechanical
measurements indicated very little changes in the Tg
of the nanocomposites relative to the matrix and
higher processing speeds resulted in qualitatively
better interfaces. Storage modulus of the nanocomposites increased with MWCNT loading as expected
with the 4!wt% masterbatch showing 10% enhancement compared to the matrix, while re-processing it
diminished its reinforcing capabilities. E( was however higher for 0.5!wt% loading among all the other
masterbatch diluted nanocomposites indicative of
very high reinforcement capabilities, but with
increase in temperature the effect lost its significance.
Tensile testing data showed that the elastic modulus
and tensile strength of PPE/PS improved marginally, accompanied with reduction in ductility on
MWCNT incorporation. In spite of achieving a
good MWCNT dispersion morphology in PPE/PS,
substantial improvements in the mechanical properties of the composites were not possible. Reduction
in the aspect ratio on processing, inherently weaker
mechanical characteristics of the CNT agglomerate
fractions (compared to those from highly individualized CNTs with large aspect ratios) that are
observed in the matrix, lack of a strong chemical
interface and potential polymer degradation could
all be attributed as potential reasons for the aforementioned. It was interesting to observe that the orientation effect of CNTs (more predominant at higher
injection speed of 100 mm/s) led to slightly higher
mechanical characteristics than its counterparts
processed with a lower injection speed of 10 mm/s.
Electrical volume conductivity of a 0.5!wt% MWCNT
filled composite samples (compression molded)
was twelve orders of magnitude higher compared to
pure PPE/PS and no significant differences were
observed depending on the processing speed. Electrical percolation was estimated to occur around
0.4 wt% MWCNT content on the compression
molded composites. A favorable environment for
the nanoscale re-agglomeration of the dispersed
CNTs facilitated by longer holding times at reduced
viscosity (during the compression molding process)
results in higher electrical conductivity compared to

that of the extruded strands at 1.5!wt% MWCNT
loading in PPE/PS. However, this difference diminished with increased MWCNT loadings.
The incorporation of MWCNTs to PPE/PS has led
to a significant improvement in the electrical characteristics of the composite at very low filler loading with marginal improvements in thermal stability and mechanical characteristics. Further work on
improving the mechanical attributes of the composite is needed for the development of good multifunctional composites.
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