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ABSTRACT: Poly(ethylene oxide) (PEO) based nanocom-
posites were prepared by the dispersion of multiwall car-
bon nanotubes (MWCNTs) in aqueous solution. MWCNTs
were added up to 4 wt % of the PEO matrix. The dynamic
viscoelastic behavior of the PEO/MWCNT nanocomposites
was assessed with a strain-controlled parallel-plate rheome-
ter. Prominent increases in the shear viscosity and storage
modulus of the nanocomposites were found with increas-
ing MWCNT content. Dynamic and isothermal differential
scanning calorimetry studies indicated a significant de-
crease in the crystallization temperature as a result of the

incorporation of MWCNTs; these composites can find
applications as crystallizable switching components for
shape-memory polymer systems with adjustable switching
temperatures. The solid-state, direct-current conductivity
was also enhanced by the incorporation of MWCNTs. The
dispersion level of the MWCNTs was investigated with
scanning electron microscopy. VVC 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 110: 2094–2101, 2008

Key words: differential scanning calorimetry (DSC);
nanocomposites; rheology

INTRODUCTION

Nanocomposites are a new class of composites,
which are particle-filled polymers for which at least
one dimension of the dispersed particles is in the
nanometer range. The extraordinary mechanical, elec-
trical, and thermal properties of nanotubes make
them outstanding materials to blend with polymers
to prepare potentially multifunctional nanocompo-
sites.1,2 They offer novel properties because the
distinct features of the inorganic and organic compo-
nents3,4 can be combined accordingly. The concept of
nanoreinforcement is that the control of the struc-
ture/interactions at the smallest scale (i.e., the nano-
meter scale) provides the best option for tailoring the
macroscopic properties of the related composites.5

Among various available nanofillers, carbon nano-
tubes (CNTs) have been viewed as the most promis-
ing because of their attractive properties,6 which
include an exceptionally high aspect ratio (>300), a
good elastic modulus (>1 TPa), and high thermal
and electrical conductivities. This pseudo-one-dimen-
sional form of carbon has remarkable physical and
mechanical properties, such as structure-tunable elec-
tronic properties, ultrahigh thermal conductivity, and
unmatched mechanical properties (e.g., stiffness,

strength, resilience). These characteristics, combined
with recent advances enabling the high-volume pro-
duction of multiwall and single-wall nanotubes, offer
tremendous opportunities for the development of
ultra-high-performance nanotube-reinforced nano-
composite materials.7

The initial academic research on polymer/CNT
nanocomposites has been focused on single-wall car-
bon nanotubes (SWCNTs) because of their simpler
structure. However, the extremely high cost of
SWCNTs considerably restricts the commercializa-
tion of CNT-based composites. That is why the tech-
nology of polymer/CNT nanocomposites is less
mature compared to parallel contemporary issues,
such as polymer/layered-silicate nanocomposites.
However, the production of multiwall carbon nano-
tubes (MWCNTs) has already been scaled up by
industry, and MWCNTs are available in sufficient
quantities and at reasonable costs. Therefore, nowa-
days, research interest has been diverted toward the
technological proliferation8–10 of MWCNT-based sys-
tems. The uniform dispersion of MWCNTs within
the polymer matrix and improved nanotube/matrix
wetting and adhesion are critical issues with res-
pect to the processing and application of these
nanocomposites.11,12

Poly(ethylene oxide) (PEO) is a semicrystalline
polymer, which has been considered in recent years
for important applications, namely, biomedical13 and
electrochemical applications14–16 and also as crystal-
lizable switching segments for shape-memory poly-
mer systems.17–19 A common problem for all the
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applications is linked with the poor mechanical
properties of PEO. In addition, conventional PEO-
based solid polymer electrolytes exhibit a low ionic
conductivity, which is not sufficient for many appli-
cations. The incorporation of layered silicate is
known to improve the mechanical properties and
increase the conductivity of PEO-based electrolytes,
as the silicate layers act as anions, and hence, the
cation can preferentially move.20,21 However, even
such modification cannot raise the conductivity high
enough to meet the demand. MWCNTs, being inher-
ently conducting, may be a better candidate for the
modification of PEO-based electrolytes. In case of
shape-memory polymers, the incorporation of
MWCNTs, in addition to their reinforcing effect, is
expected to offer electrically induced actuation,
which can be controlled remotely (via Joule heat-
ing).21 Therefore, our work should also shed light on
specific approaches for the creation of PEO nano-
composites with improved mechanical properties.

Recently, researchers have reported the enhance-
ment of the rheological properties of PEO with the
addition of MWCNTs.22,23 However, a detailed
investigation of the crystallization behavior of the
nanocomposite is required to design a PEO-based
crystallizable component for shape-memory polymer
systems with adjustable switching temperatures.24

This study focused on the preparation, characteriza-
tion, crystallization, and rheological behavior of
PEO/MWCNT nanocomposites.

EXPERIMENTAL

Materials

The matrix PEO, with a weight-average molecular
weight of 300,000 g/mol, was purchased from Acros
Organics (Geel, Belgium). MWCNTs (Baytube 150P)
were procured from Bayer Material Science AG
(Leverkusen, Germany). The MWCNTs had a purity
greater than 95%, outer diameters within the range
13–16 nm, and an average length between 1 and 10
lm (data provided by the manufacturer). Distilled
water was used as a solvent.

Preparation of the PEO/MWCNT nanocomposites

Nanocomposite films were made by the dispersion
of MWCNTs in an aqueous solution of PEO (5 wt
%) with the sonication method using a mechanical
probe sonicator (19 mm diameter, maximum power
1000 W, frequency 20 kHz; Branson ultrasound
PGB210A, Danbury, CT). The required amount of
MWCNTs was accurately weighed and placed in a
beaker. Double-distilled water (250 mL) was added,
and the whole mixture was sonicated for 15 min.
The aqueous PEO solution (the required amount of

PEO dissolved in water) was added to the same
beaker. The mixture was again sonicated for 20 min,
and the mixture was poured in aluminum molds
and kept in an air-ventilated oven at 508C for 2
days. During the whole process of sonication, the
beaker was immersed in cold water. The films were
then dried in vacuo at 508C for 24 h at 10�2 bar of
pressure. The PEO/MWCNT nanocomposites were
designated as PEO/MWCNT (0.4 wt %), PEO/
MWCNT (1 wt %), PEO/MWCNT (2 wt %), and
PEO/MWCNT (4 wt %), depending on the concen-
tration of MWCNTs.

Characterization

Differential scanning calorimetry (DSC)

The thermal behavior of the PEO and the PEO/
MWCNTs was studied with a differential scanning
calorimeter (Mettler–Toledo DSC821, Greifensee,
Switzerland). All of the samples were dried before
the measurements, and the analyses were carried
out in a nitrogen atmosphere with standard alumi-
num pans. About 10 mg of sample was placed in an
aluminum pan and heated from 25 to 908C at a heat-
ing rate of 108C/min. The melted sample was then
cooled to 258C at a cooling rate of 108C/min. The
samples were subsequently reheated to 908C at a
rate of 208C/min, held at 908C for 2 min, and then
cooled rapidly (608C/min) to the desired tempera-
ture (35, 40, or 458C) for the isothermal crystalliza-
tion studies. To study the effect of the cooling rate
on crystallization, the pure PEO sample was cooled
at different cooling rates, including 1, 3, 5, 15, 20,and
258C/min.
We calculated the melting point, crystallization

temperature (Tc), and enthalpy of crystallization
(DHc) from the DSC curves considering the maxi-
mum position of the endothermic/exothermic peaks
and the area of crystallization curve under the DSC
thermograms, respectively.

Scanning electron microscopy (SEM)

The morphology of the PEO and PEO/MWCNTs
was investigated by a high-resolution Zeiss Supra 40
VP scanning electron microscope (Carl Zeiss SMT,
Oberkochen, Germany). Compression-molded sam-
ples were quenched in liquid nitrogen and cryogeni-
cally fractured. The fracture surfaces were sputter-
coated with carbon before SEM observation to avoid
charging.

Viscoelastic measurements

Viscoelastic properties of the PEO/MWCNTs were
studied with a strain-controlled rheometer (ARES of
Rheometric Scientific, Piscataway, NJ) equipped

MULTIWALL CARBON NANOTUBE COMPOSITES 2095

Journal of Applied Polymer Science DOI 10.1002/app



with stainless steel parallel disks 25 mm in diameter.
Measurements were performed with the oscillatory
shear method at different temperatures. Test speci-
mens were prepared by compression molding of the
solution-cast film at 1008C for about 5 min to for
disks 2 mm thick and 25 mm in diameter. In the lin-
ear viscoelastic measurements, the dynamic strain
sweep measurements were carried out first to deter-
mine the linear region (<3% change in the storage
modulus). In the oscillatory shear experiments, a si-
nusoidal shear strain, c(t) ¼ c0 sin(xt þ /), where x
is the angular frequency, c0 is the constant oscilla-
tory strain, and t is the time, was imposed. In the
frequency sweep measurements, c0, the frequency-
dependent elastic modulus (G0), and the complex
viscosity (g*) were determined.

Conductivity measurements

The solid-state, direct-current electrical conductivity
was measured with the magnetic carpet probe
method with a highly precise resistivity meter (Hir-
esta-UP, MCP-HT450, Mitsubishi Chemical, Kana-
gawa, Japan). Depending on the probe selected, the
correction factors were automatically set, and the re-
sistance value could be directly obtained from the
measuring device.

RESULTS AND DISCUSSION

Crystallization behavior

It is well known that the crystallization behavior of
a semicrystalline polymer is affected by the pres-
ence of any fillers and depends on two factors: (1)
the entropic contribution to the free energy of for-
mation of a nucleus of critical dimension that repre-
sents the probability of selecting the required
number of crystallite sequences from the mixture
and (2) the energy required for the transport of the

other component from the growth front into the
interlaminar region.25,26

We studied the crystallization behavior of the
PEO/MWCNT nanocomposites with DSC, as dis-
closed in the Experimental section. The effect of
MWCNT content on the crystallization peak of the
nanocomposite is shown in Figure 1. From the crys-
tallization plots, the specific heat of crystallization of
the nanocomposite (DHcomp

c ) was calculated with the
following formula:

DHcomp
c ¼ ðDHcÞtotal � 100

x� z
(1)

where (DHc)total is obtained from the peak area of
the DSC cooling curve, x is the weight of the sample
taken for the DSC experiment, and z is the concen-
tration of PEO (wt %). The degree of crystallinity
(Xc) of the nanocomposites was calculated from the
following formula:

Xc ¼ DHcomp
c =DH0

c (2)

where DH0
c is the specific heat of crystallization of

100% crystalline PEO (205 J/g).27

As shown in Figure 1(a), it was evident that the Tc

for the PEO/MWCNT nanocomposites at lower
MWCNT concentrations remained the same as that
of PEO but decreased with increasing loading of the
MWCNTs. Although Tc decreased, Xc was not
affected much compared with that of the PEO ma-
trix. At lower concentrations of MWCNTs, Xc was
enhanced in the PEO/MWCNT nanocomposites
[Fig. 1(b)]. Clearly, detailed studies need to be con-
ducted to fully understand the effect of the addition
of MWCNTs on the crystalline morphology and
crystallization mechanism. The unique character of
PEO, which exhibits crystallization enhancement in
the presence of inorganic fillers but at the same time
has its crystallization hindered by the addition of
alkali cations, was reported earlier.28–30 From the

Figure 1 DSC crystallization plots of the PEO/MWCNT nanocomposite: (a) the effect of Tc with the MWCNT concentra-
tion and (b) the effect of Xc with the MWCNT concentration.
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previously mentioned crystallization plot [Fig. 1(a)],
DHc values of the PEO/MWCNT nanocomposites
were calculated and are plotted in Figure 2. The DHc

values of the PEO/MWCNT nanocomposite were
also found to increase compared to those of PEO.
Krishnamoorti et al.31 investigated the crystallization
kinetics of PEO-based nanocomposites in which
SWCNTs were dispersed with surfactants and
reported that the crystallization process was dis-
turbed (Tc decreased) and demonstrated a decrease
in crystallinity. The effects of the cooling rate on Tc

for PEO, PEO/MWCNT (2 wt %), and PEO/
MWCNT (4 wt %) are shown in Figure 3. As
expected, Tc decreased with increasing cooling rate,
but the reduction was more prominent the nanocom-
posite with higher MWCNT concentration, especially
at a higher cooling rates than that of the neat PEO.

From the dynamic crystallization studies, it was
evident that the Tc of the nanocomposites gradually
decreased with increasing MWCNT concentration.
To gather detailed knowledge of the rate of crystalli-
zation, we carried out isothermal crystallization
studies for PEO and PEO/MWCNT (4 wt %). Figure
4 shows the typical isothermal crystallization curves
at three different temperatures (35, 40, and 458C).
The time corresponding to the maximum heat flow
rate (exotherm) was taken as the peak time of crys-
tallization (tpeak). PEO showed tpeak at 70, 96, and
106 s at isothermal Tc values of 35, 40, and 458C,
respectively. PEO/MWCNT (4 wt %) displayed
peaks like PEO at isothermal Tc values of 358C (tpeak
¼ 76 s) and 408C (tpeak ¼ 120 s) with delayed or
lower crystallization. The crystallization was so slow
that no complete crystallization peak was displayed
when Tc was set at 458C. As also shown in Figure 4,
the tpeak value for the nanocomposite was higher
than that of the PEO alone.
Both the dynamic and isothermal DSC experi-

ments clearly indicated that the rate of crystalliza-
tion decreased because of the addition of MWCNTs.

Figure 3 Effect of the cooling rate on Tc of the PEO/
MWCNT nanocomposite.

Figure 2 Variation in DHc of the PEO/MWCNT nano-
composites with the MWCNT concentration.

Figure 4 Heat flow during the isothermal crystallization
of the PEO/MWCNT nanocomposite: (a) PEO and (b)
PEO/MWCNT (4 wt %). tmax is the maximum time.
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It is interesting to note that with the addition of 2 wt
% MWCNTs, it was possible to change Tc from 45 to
308C, whereas about 80% crystallinity was retained
[Fig. 1(b)]. Thus, it was possible to change the transi-
tion temperature without appreciably affecting the
crystallinity. Because PEO is used as a crystallizable
switching segment, the switching temperature can
be adjusted on request for various applications, such
as for biomedical use (�358C).

Rheological measurements of the PEO and PEO/
MWCNTs were carried out with a parallel-plate rhe-
ometer, as disclosed in the Experimental section, at
three different temperatures (80, 100, and 1208C) and
a frequency range of 0.1–398 rad/s. The nanocompo-
site showed typical pseudoplastic behavior, and the
viscosity decreased with temperature as expected
[shown in Fig. 5 for PEO/MWCNT (2 wt %)]. The
effect of the temperature on the shear viscosity is
generally explained by the fact that an increase in
temperature leads to intense thermal motion of the
molecules and generates a larger free volume in the
polymer accompanied with a decrease in the inter-
molecular or intramolecular association.32,33 The

storage modulus of the nanocomposites also dimin-
ished with increasing temperature, which means
that the material had a lower relaxation time when
the temperature increased.33

The shear viscosity of the pure polymer was char-
acterized by two distinct regions, called the Newto-
nian and shear thinning regions. At low shear rate, the
Newtonian region with independence of shear rate
was observed, followed by the shear thinning
region, where the viscosity linearly decreased with
an increase in the shear rate. We compare the viscos-
ity of various compositions at 808C in Figure 6(a).
The nanocomposites displayed considerably higher
viscosity and dynamic storage modulus values than
the PEO matrix over all of the shear rates investi-
gated, especially at lower shear rates. As shown in
Figure 6(a), as the MWCNT loading increased in the
nanocomposites, the Newtonian region disappeared,
and only the shear thinning region remained
throughout the entire shear rate range. When the
MWCNT concentration was higher than 1 wt %, the
Newtonian plateau region completely shifted to
the shear thinning region. This was supported by
the power-law index values obtained for the PEO/
MWCNTs, as shown in Table I. The flow behavior
index values of the nanocomposites were higher
than that of PEO matrix up to 1 wt % MWCNTs
and, thereafter, decreased. In general, the viscosity
increased in the nanocomposites because of two
types of interactions, namely, particle–polymer inter-
action and particle–particle interaction. The particle–
particle interactions, which resulted in an increase in
the shear viscosity without the Newtonian plateau
region, played a dominant role in the rheological
behavior of the nanocomposites. The pronounced
increase in the viscosity of the polymer composites
with MWCNTs (or any other anisotropic filler such
as layered silicate) is often attributed to the forma-
tion of a hydrodynamically percolated filler network
structure and usually correlated with the level of

Figure 5 Variation of G0 and g* versus the shear rate for
PEO/MWCNT (2 wt %) at 80, 100, and 1208C.

Figure 6 g* measurements at 808C: (a) x dependence of g* for the PEO/MWCNT nanocomposite with various concen-
trations of MWCNTs and (b) g* of the PEO/MWCNT nanocomposite at 0.1 Hz as a function of the MWCNT
concentration.
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dispersion of the filler.34,35 The plots of g* at 0.1
rad/s as a function of MWCNT concentration are
also shown in Figure 6(b). The plots clearly indicate
the rheological percolation of about 1 wt % of
MWCNTs. The very low percolation of the
MWCNTs arose because of their high aspect ratio.
Note that 30 vol % isotropic spheres was required
for the percolation in three dimensions.36,37 How-
ever, it was much higher than the theoretical perco-
lation threshold value, which indicated that that the
MWCNTs were not fully exfoliated.

The enhancement in viscosity could also be
explained in terms of the confinement of polymer
chains within the nanotube layer.38,39 The viscosity
of the confined polymer melt is always greater than
that of the bulk. The higher viscosity of the confined
melt is believed to arise from an immobilized hydro-
dynamic layer near the wall with a thickness on the
order of the radius of gyration of the polymer chain.
According to Subbotin et al.,38 for the shear flow of
melts confined between parallel plates separated by
a distance h/a �N1/2, where a is the segment length
and N is the number of segments in the polymer
chain, the relative zero-shear viscosity of the con-
fined melt (gc

0) with respect to the bulk viscosity
(gb

0) can be determined as follows:

gc
0

gb
0

� a

h

kc

kb
� h

a

� �2

for kc=kb � h=að Þ3 (3)

where kc and kb are the segment relaxation times of
the confined and bulk polymer chains, respectively.
Thus, the scaling model predicts that kc � kb, and if
the separation distance were on the order of the ra-
dius of gyration of the polymer chain, the zero-shear
viscosity of the confined system would scale as N,
which is about 50–100 in case of PEO. Hence, the
viscosity of the PEO/MWCNT melt was several
times higher than that of the bulk melt, as reflected
in our viscosity data from low shear rate. Song40

reported an increase in the viscosity with the addi-
tion of acid-treated MWCNTs in the PEO matrix and

demonstrated a higher effective volume fraction of
MWCNTs than of the real one.
Figure 7 shows the linear dynamic oscillatory fre-

quency dependence of G0 as a function of MWCNT
loading for the prepared PEO nanocomposites. The
pure polymer behaves like a Newtonian liquid with
characteristic low-frequency terminal behavior
(G0axb, b ¼ 2.0). The incorporation of MWCNTs into
this polymer resulted in an increase in G0 at all fre-
quencies and a decreased low-frequency power-law
scaling of G0 (b values, shown in the inset of Fig. 7).
This suggested that stress relaxation was effectively
arrested by the presence of the MWCNTs. G0 was
almost independent of x at low frequencies; at a low
concentration of MWCNTs, this was indicative of a
transition from liquidlike to solidlike viscoelastic
behavior. At high oscillation frequencies, the effect
of particle loading was relatively weak. This result
suggested that the influence of the MWCNTs on the
stress relaxation dynamics was much stronger than
their influence on the plateau elastic modulus.
Zhang and Archer41 reported a similar behavior of
transition at a particle volume fraction of 2% for
PEO/silica nanocomposites.
We measured the dynamic rheological behaviors

of the PEO and PEO/MWCNTs at various tempera-
tures and calculated the flow activation energy with
the following Arrhenius equation:42,43

gc ¼ A exp
Ec

RT

� �
(4)

where gc and Ec are the apparent viscosity and acti-
vation energy, respectively, at a given shear rate; A
is a constant; R is the gas constant; and T is the
absolute temperature.

Figure 7 Variation of G0 with the MWCNT concentration.
The inset shows the low-frequency power-law scaling
(b) of G0. The rheological measurements were performed
at 808C.

TABLE I
Power-Law Index and Activation Energy of PEO and

PEO/MWCNT

Sample
Flow behavior
index at 808C

Activation
energy
(kJ/mol)

398
rad/s

0.1
rad/s

PEO 0.646 5.9 9.2
PEO/MWCNT (0.4 wt %) 0.768 8.5 12.9
PEO/MWCNT (1 wt %) 0.676 7.5 5.1
PEO/MWCNT (2 wt %) 0.558 6.7 3.8
PEO/MWCNT (4 wt %) 0.450 6 2.2
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Thus, Ec at a given shear rate could be obtained
directly from plots of ln gc against 1/T. The calcu-
lated activation energies at different shear rates for
the PEO/MWCNTs are shown in Table I. The com-
puted activation energies decreased with increasing
shear rate. According to certain established molecu-
lar theories for viscous flow, the activation energy
may be taken as a measure of the potential energy
barrier that is associated with movement of the mol-
ecules.44,45 Under the action of a shear stress, the
alignment, orientation, and disentanglement of a
polymer chain occur, and this enables the polymer
molecules to move more easily. This, in turn, is
accompanied with a corresponding decrease in the
activation energy with increasing shear rate. It was
also observed that the activation energy of PEO
increased with the addition of MWCNTs, as shown
in Table I. The enhancement of the activation energy
of the nanocomposites could be explained well by
the high aspect ratio and surface area of the
MWCNTs, which created the formation of the perco-
lation structure, which in turn, increased the parti-
cle–polymer interactions. This filler network more

easily made strong particle–polymer interactions at
low filler concentrations because the interfacial area
between the particles and polymer dramatically
increased. Therefore, the activation energy for PEO/
MWCNTs at lower concentration was higher than at
higher concentrations of MWCNTs.
The particle–polymer interactions could be

explained by the level of dispersion of the MWCNTs
in the PEO matrix, as analyzed by SEM. The SEM
photographs of PEO/MWCNT (0.4 wt %) and PEO/
MWCNT (2 wt %) are shown in Figure 8. It is evi-
dent from the figure that, at lower concentrations,
the nanotubes were well dispersed in the matrix,
whereas at higher concentrations, a lot of agglomer-
ates could be seen, which reduced the particle–poly-
mer interactions. The result was consistent with that
observed in case of polypropylene-based clay/nano-
composites, where no change35 or increase46 in acti-
vation energy was reported.
The solid-state, direct-current conductivity meas-

urements at room temperature showed that the con-
ductivity increased monotonically with increasing
nanotube concentration, and this trend followed
other reports of electrical conductivity in polymer–
nanotube composites.47,48 Figure 9 indicates an elec-
trical percolation of less than 1 wt % MWCNT con-
centration, which was consistent with the percolated
network structure observed in the rheological meas-
urements, as discussed earlier. The modification of
MWCNT to improve the dispersion and decrease
the percolation threshold further is in progress and
will be presented in a later communication.

CONCLUSIONS

We created PEO–MWCNT nanocomposites by dis-
persing MWCNTs in an aqueous PEO solution with
the help of a sonicator. Dynamic viscoelastic measure-
ments demonstrated a significant increase in the vis-
cosity (at all of the shears rate used) with the addition
of the MWCNTs. As expected, the melts were pseudo-
plastic in nature, and the viscosity decreased with

Figure 8 SEMmicrophotographs of cryofractured samples of (a) PEO/MWCNT (0.4 wt %) and (b) PEO/MWCNT (2 wt %).

Figure 9 Solid-state direct-current conductivity (r0
dc)

measurements for PEO/MWCNT versus the MWCNT con-
centration at room temperature.
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increasing temperature. Both the rheological and con-
ductivity studies showed that there existed electrical
percolation at about 1 wt % MWCNTs in the PEO
nanocomposites. Dynamic and isothermal DSC crys-
tallization studies showed a considerable decrease in
the rate of crystallization without much effect on the
overall crystallinity. Thus, Tc could be reduced and
manipulated by a change in the MWCNT concentra-
tion. This indicated the suitability of the PEO-based
nanocomposites for use as crystallizable switching
components (with adjustable switching temperatures)
for shape-memory polymer systems. Detailed studies
on the crystallization mechanism of PEO upon incor-
poration of MWCNTs are currently underway.
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