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ABSTRACT: There is significant potential in improving the

mechanical, electrical, and thermal properties of engineering

plastics, including poly(ether imide) (PEI), with various nanoin-

clusions such as multiwalled carbon nanotubes (MWCNTs).

However, this potential can only be fully realized through a thor-

ough understanding of the rheological behavior and the ther-

momechanical histories that the nanocomposites are exposed

to during their preparation and the resulting effective properties.

In this study, nanocomposites of PEI and MWCNTs were pre-

pared using a solution processing method under different dis-

persion conditions, and the viscoelastic material functions of the

nanocomposites were characterized as functions of

concentration of CNTs in the 1–5% by weight range (volume

fraction, / ¼ 0.006–0.03) and temperature. The storage modulus

and magnitude of complex viscosity values of the PEI nanosus-

pensions increased by as much as 3500% and 800%, respec-

tively, at / ¼ 0.03, along with similar orders of magnitude

increases observed or predicted in other viscoelastic material

functions. Such increases reflect how nanotube incorporation

and network formation can drastically alter the flow and defor-

mation behavior of the PEI/CNT nanosuspensions at processing-

relevant temperatures and deformation rates. VC 2012 Wiley Peri-

odicals, Inc. J Polym Sci Part B: Polym Phys 50: 1504–1514, 2012

KEYWORDS: polyethers; processing; relaxation; rheology; ther-

moplastics; viscoelastic properties

INTRODUCTION The demand for lightweight materials with
high strength and thermal and chemical stability is ever
increasing. Poly(ether imide) (PEI), which is considered to
be an engineering plastic, and suitable for use in many
demanding applications because of its relatively high
strength, high glass transition temperature (216–220 �C), and
low degradation rates at temperatures as high as 500 �C.1

Furthermore, there is a significant potential in further enhanc-
ing the ultimate properties of PEI by functionalizing it with
various nanoparticles.

Carbon nanofibers (CNFs) and multiwalled carbon nanotubes
(MWCNTs)2 have been widely used in recent years as polymer
functionalization agents because of their exceptional mechani-
cal, electrical, and thermal properties. Polymers that have
been modified with CNTs or CNFs, and for which enhance-
ments of mechanical and electrical properties are observed,
include poly(propylene),3–5 poly(methyl methacrylate),6,7

poly(ethylene terepthalate),8 poly(carbonate),9,10 poly(ethyl-

ene),11 poly(imide),12 and poly(ether ether ketone) (PEEK).13

Furthermore, an increase of the glass transition temperature
is often observed with the incorporation of CNTs, for example,
a 10 �C increase has been reported for poly(methyl methacry-
late) incorporated with 4% CNT by weight.7 At relatively low
concentrations of CNT, the electrical percolation occurs on the
basis of the formation of a volume-spanning network of the
conductive nanotubes. The typical aspect ratios of nanotubes
in the 100–2100 range enable electrical percolation at CNT
volume fractions as low as 0.05%.9,12 For semicrystalline mat-
rices, the incorporation of the nanoinclusions can also alter
the distributions of the different types of polymorphs in the
crystalline phase of the polymer matrix,14,15 for example,
increasing the concentration of the b-polymorph in poly(viny-
lidene fluoride) that exhibits piezoelectric, ferroelectric, and
pyroelectric properties.15

There are a number of earlier investigations that have
probed the development of electrical,1,16 mechanical,1,17 and
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thermal properties1,16,17 of PEI nanocomposites. Kumar
et al.1 have prepared PEI/CNF composites using an internal
mixer, followed by compression molding. Results from ther-
mogravimetric analysis (TGA) have shown that thermal
decomposition temperature decreased 4% with the addition
of 3% by weight of as-received CNF. The glass transition tem-
perature determined via dynamic mechanical analysis was
observed to increase by 8 �C, that is, from 214 to 222 �C on
the incorporation of 3% by weight of surface-functionalized
CNFs. Additionally, the mechanical properties of PEI were not
affected significantly by the incorporation of the CNF.1 Kumar
et al.16 later reported a solvent-based process that produced
a 12 order of magnitude increase in electrical conductivity
and increase in glass transition temperature and 85 �C
increase in decomposition temperature with 0.5% by weight
of functionalized CNT.16 Liu et al. have also studied PEI as a
matrix for nanocomposites by generating ultrathin PEI/CNT
films by mixing MWCNTs into poly(amic acid) under vigorous
stirring, followed by casting onto glass slides and high-tem-
perature curing to induce an imidization reaction. The glass
transition temperature of the PEI/CNT nanocomposite (at 1%
by weight of CNT) was observed to increase by 11 �C, that is,
from 218 to 229 �C, and the storage modulus was observed
to increase by �150% at room temperature.17

The significant changes in mechanical and electrical proper-
ties of polymers compounded with modest concentrations of
CNT rely on the adequate dispersion of the CNT in the poly-
mer matrix.18,19 The aspect ratio and the concentration of
the CNT and their state of dispersion affect the rheological
behavior of the CNT/polymer suspension. Furthermore,
despite the industrial importance of PEI, there are no previous
studies that have focused on the rheological behavior of PEI
incorporated with differing concentrations of CNT. Such data
are particularly valuable considering the narrow and rela-
tively high-temperature processing window of PEI, that is, at
temperatures >370 �C.20 Here, we report our findings on
the viscoelastic behavior of PEI and PEI/CNT suspensions in
the CNT weight percent range of 1–5%. Dynamic properties

were characterized over a broad range of temperatures along
with relaxation modulus data in the linear viscoelastic range
and elucidated in conjunction with a linear viscoelastic con-
stitutive equation. The relaxation spectra determined from
the dynamic properties were combined with a damping func-
tion, parameters of which were characterized from step-
strain experiments, to predict the shear viscosity and first
normal stress coefficient material functions via a nonlinear
integral viscoelastic constitutive equation (K-BKZ with Wag-
ner postulate) at the relatively high shear rate ranges that
are not accessible experimentally, but are of utmost impor-
tance in industrially relevant processing conditions.

EXPERIMENTAL

Materials

The multiple aromatic rings of PEI give rise to a stiff backbone
and consequently a relatively high glass transition tempera-
ture of 216–220 �C. The PEI resin used in the investigation has
a specific gravity of 1.27 and was obtained from Sabic
Innovative Plastics (Ultem 1000). MWCNTs with a reported
density of 2100 kg/m3 were obtained from Cheap Tubes (SKU
#030104). The CNTs contain 98.35% C, 0.45% Cl, 0.26% Fe,
and 0.96% Ni by weight per manufacturer’s specifications. The
transmission electron spectroscopy (TEM) analysis of the
nanotubes indicated that they consist of about 20–30
concentric graphene layers (see the TEM micrographs in
Fig. 1). The nanotubes exhibit an outside diameter of 30 6 5
nm, inside diameter of 5–15 nm, and length of 10–30 lm

FIGURE 1 TEM micrographs of as-received multiwalled carbon nanotubes (MWCNTs) (a) and MWCNTs with surface functionaliza-

tion (b).
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(hence, length/diameter, i.e., aspect ratios of about 300–1200).
The concentrations of CNT in PEI used in our experiments
were 1, 2, and 5% by weight [i.e., volume fractions (/) of
0.006, 0.012, and 0.03, respectively]. The concentration of the
CNT could not be increased beyond 5% by weight (/ ¼ 0.03)
because of the difficulties associated with the adequate
dispersion of the CNTs into the PEI at higher concentrations.

Attempts at Surface Functionalization
In addition to using the as-received CNT, some of the CNTs
were subjected to surface functionalization. Initial functional-
ization attempts found excessive degradation of the CNTs
when strong acids such as mixtures of nitric and sulfuric
acids were used, consistent with earlier studies.1 Acid-based
modification produces functional groups such as carboxyl
and hydroxide on CNTs, which typically enhances the attach-
ment of secondary particles and some polymers on the car-
bon surface. Thus, a relatively weak-acid functionalization
approach using citric acid21 was used. In the functionaliza-
tion procedure, citric acid monohydrate obtained from
Sigma-Aldrich was used. The CNT were sonicated for 30 min
within a 0.05 M citric acid solution, followed by triple rins-
ing with DI water, centrifuging, and drying. TEM analysis
revealed that even this mild treatment gives rise to some
surface and bulk damage of the CNT as shown in Figure 1.
Based on the observed degradation, the CNTs were not sur-
face functionalized prior to being incorporated into PEI.

Procedure for the Preparation of the PEI/CNT
Nanocomposites
The key to optimum property enhancement of a polymer by
the incorporation of CNT is proper dispersion, which can be
attempted by a wide variety of methods, including melt proc-
essing via twin-screw extrusion,22,23 high-shear intensive
mixing using Banbury-type mixers,4,24 or solution processing,
typically involving the use of sonication.25–27 The PEI has a
glass transition temperature of 215 �C and is typically proc-
essed at 300–350 �C. Even at such high temperatures, Ultem
1000 has a relatively high viscosity and is a difficult material
to process and does not practically allow sonication. The so-
lution processing allows carrying out the CNT dispersion at
much milder conditions using dimethyl sulfoxide (DMSO),
which also has a low viscosity allowing sonication for more
effective dispersion of CNTs. Previous study by Modi et al.
with PEEK, another high-performance engineering plastic,28

also showed that sonication of the low viscosity solution–
based systems results in better dispersion than melt process-
ing, which is also prone to artifacts such as degradation.

In our experiments, the CNTs were first incorporated into
DMSO (99.5% purity; Sigma-Aldrich) using a Misonix
XL2020 ultrasonic processor using a submerged sonic horn
at a frequency of 20 kHz and in the power input range of
22.5–37.5 W. All batches used 100 g of DMSO incorporated
with 0.02–0.10 g of CNT (for the 1–5% by weight PEI/CNT
composites, respectively). Acoustic cavitation causes the cre-
ation, growth, and eventual collapse of bubbles within the
solution with local temperatures reaching as high as 5000
K.28 The considerable energy released by the collapse of the

bubbles at such high temperatures is presumed to facilitate
the exfoliation of nanotubes that arrive flocculated as a
result of van der Waals forces. To ensure that the bulk tem-
perature of the solution did not increase significantly during
sonication, the temperature distributions were monitored
using an Inframetrics Thermacam PM 290 thermal imaging
camera. Figure 2 shows typical temperature distributions at
the free surfaces of the CNT/DMSO suspension samples after
5 min of sonication under two different sets of sonication
conditions (higher amplitude setting shown in the bottom
image in Fig. 2). Based on the thermal imaging results, the
sonication conditions were selected so that the bulk temper-
ature could be kept at <45 �C [Fig. 2(a)]. After sonication,
the nanosuspension samples were subjected to optical mi-
croscopy (Nikon, Optiphot2-POL polarizing microscope) and
their linear viscoelastic material functions were character-
ized for assessment of the dispersion efficacy of the CNT in
the DMSO.

After the CNTs were incorporated into DMSO, PEI (2.0 g) was
added to the CNT/DMSO suspension under magnetic stirring.
A hot plate was used to increase the mixture temperature to
165 �C. After �35 min, all PEI pellets were dissolved. A sonic
bath was used to prevent the nonhomogeneous precipitation

FIGURE 2 Temperature (T) distributions at the free surface of

the nanosuspension during the compounding of nanotubes

into DMSO (top) low power sonication, and (bottom) high

power sonication.
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of the CNT with the PEI while the mixture was quenched
to ambient. As the mixture cooled, a black precipitate of
PEI–CNT composite formed at the bottom of the beaker. The
PEI and CNT nanocomposite precipitations were filtered to
remove the excess solvent and then dried in an oven for at
least 1 week under vacuum at 200 �C to remove the residual
solvent.

Thermogravimetric Analysis
The concentration of the remaining solvent in the CNT/PEI
precipitate after drying was determined using TGA (TA
Instruments Model Q50 with temperature precision and
accuracy of 60.1 �C and 61 �C, respectively, and a balance
error of 60.01% of sample mass). At the end of the drying
process, the residual solvent content was generally found to
be <0.5% by weight. All PEI samples that will be referred to
as ‘‘pure PEI’’ were processed in the same manner as
controls.

An attempt was made to determine the concentration of the
CNT in the specimens by using TGA in conjunction with sub-
jecting the samples to temperature scanning up to 800 �C.
Such procedures have been used in the past to determine
the degree of mixedness of fillers in polymers.29,30 However,
the weight residue of the PEI remaining after exposure of
PEI to temperatures as high as 800 �C was considerable, ren-
dering it difficult to delineate the concentrations of PEI and
CNT.

However, through the TGA analysis, one could recognize that
the degradation temperatures of pure PEI differed from
those of PEI nanocomposites. Studies have found that the
CNTs can act as a thermal stabilizer that helps to decrease
the flammability of polymers, decreasing the rate of oxidative
degradation or delaying the onset of degradation.31,32 The
5% CNT–PEI was found to degrade at a slower rate in the
high-temperature region of 650–800 �C. After holding the
sample at 800 �C for an additional 5 min, pure PEI had a
mean weight residue of 1.6%, whereas 5% CNT–PEI exhib-
ited a mean weight residue of 16.6%. Overall, these results
suggest that the CNTs significantly hinder the oxidative deg-
radation of the PEI, which is consistent with the previous lit-
erature which shows that the inclusion of the nanotubes
increases the decomposition temperature.31,33

Sample Preparation for Rheological Characterization of
Material Functions
For rheological characterization, the dried CNT/PEI samples
were compression molded into disks using a Carver Press.
The molding procedure for pure PEI and PEI with 1% by
weight CNTs involved holding the specimen at 250 �C for 10
min with 1 metric ton of pressure, after which the samples
were quenched to room temperature resulting in sample
thicknesses ranging from 0.4 to 0.7 mm. The samples con-
taining 2 and 5% CNTs were compression molded at 250 �C
with 4 to 5 metric tons of pressure to achieve the same
range of disk thicknesses obtained for pure PEI and PEI with
1% by weight of CNT. The rectangular torsional samples
were 0.5 mm in thickness, 8–10 mm in width, and about
50 mm in length. The dimensions of each specimen were

measured using a Mitutoyo micrometer (60.001 mm) prior
to being subjected to small-amplitude oscillatory shear at 21
6 1 �C. The PEI and CNT suspensions were always main-
tained under agitation when dissolved in DMSO. However,
once the solvent was removed, PEI was a relatively high-vis-
cosity material in the melt state and was a lot less prone to
reagglomeration due to Brownian motion and van der Waals
forces, and hence, during molding and rheological characteri-
zation, reagglomeration should not be a significant issue.

Small-Amplitude Oscillatory Shear
Viscoelastic properties of PEI and PEI/CNT samples were
characterized by small-amplitude oscillatory shearing using a
Rheometric Scientific (currently TA Instruments) Advanced
Rheometric Expansion System (ARES) Rheometer in conjunc-
tion with either 8- or 50-mm parallel-plate fixtures. The tor-
que accuracy of the transducer of ARES is 62 g/cm. The
oven temperature could be controlled within 6 0.1 �C. In
oscillatory shear, the shear strain is defined as c ¼ c0 sin(xt),
where c0 is shear strain amplitude (i.e., c0 ¼ hR/h, where h is
the maximum angular displacement, R is the disk radius, and
h is the gap in between the two disks), x is the oscillation
frequency, and t is the time. The shear stress response (s) to
the imposed oscillatory deformation can be written as: s ¼
G0(x) c0 sin(xt)þ G00(x) c0 cos(xt), where G0(x) is the shear
storage modulus and represents the elastic energy stored,
whereas G00(x) is the shear loss modulus and represents the
energy dissipated as heat. In the region of linear viscoelastic-
ity, the values of dynamic material properties, namely, the
storage modulus, the loss modulus, and the magnitude of
complex viscosity (g*), where, |g*(x)| ¼ (G02 þ G002)0.5, are
independent of the strain amplitude.

During small-amplitude oscillatory shearing, if changes in the
dynamic properties with time occur, such changes indicate
that the specimen is not stable, for example, due to cross-
linking, oxidation, or hydrolysis. In small-amplitude oscilla-
tory shear experiments, a dynamic strain sweep between
strain amplitudes of 0.02 and 100% was performed at a fre-
quency of 5 rps to determine the upper limit of the strain
amplitude for the linear viscoelastic range. Time-sweep
experiments were carried out on PEI and PEI/CNT nanocom-
posite samples to assess the stability of the specimens at
290 �C, using a frequency of 5 rps and strain amplitude of
5%. During a typical 10-min time sweep, the least-stable
sample showed a storage modulus increase of about 12%,
which was considered acceptable.

The dynamic properties were characterized as a function of
frequency in the range of 0.1–100 rps in the linear visco-
elastic range. During small-amplitude oscillatory shearing,
the use of multiple frequencies allows the characterization of
the linear viscoelastic response of PEI and its nanocompo-
sites over a range of time scales, such as to provide a broad
fingerprint of the viscoelastic response. In general, at rela-
tively small characteristic times for deformation (relatively
high frequencies), the elastic response is accentuated,
whereas at longer characteristic times (relatively low fre-
quencies), the viscous flow behavior is accentuated.
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Relaxation Modulus Determination
Relaxation modulus as a function of strain and time data
were collected using a Rheometric Scientific ARES Rotational
Rheometer in conjunction with parallel-plate fixtures with a
diameter of 8 mm at 290 �C. The gap was kept constant at
0.5 mm. During the step-strain experiment, a step strain (5–
200%) is applied to the polymer. The relaxation of the tor-
que is then captured by the rheometer as the sample relaxes
back to equilibrium. The step-strain experiment is inherently
difficult to perform, as rapid initiation and cessation of the
strain are required. In reality, ARES takes 20–30 ms to intro-
duce the required step strain.34 Within this time frame, com-
plicated acceleration and deceleration of the moving fixture
occur, generally rendering the relaxation data obtained for
relatively small times, that is, typically <1 s, unreliable.34

The relaxation modulus versus time and strain data are
given as follows:

G t; coð Þ ¼ sxy tð Þ=cR (1)

where sxy(t) is the relaxing shear stress as a function of time
and cR is the strain at the edge of the disk, that is, cR ¼ hR/
h, where h is the angular displacement introduced, R is the
radius of the disk, and h is the gap. The nonuniformity of
the shear rates in parallel-plate fixtures required a correction
be made to the relaxation moduli:35–37

G t; cRð Þ ¼ Ga t; cRð Þ 1þ 1

4

@ lnGa t; cRð Þ
@ ln cR

� �
(2)

where the apparent relaxation modulus Ga(t,cR) is given as
follows:

Ga t; cRð Þ ¼ 2T t; cRð Þ
pR3cR

(3)

where T is the torque.

Rectangular Torsional Deformation
The rectangular torsional experiments were performed using
the ARES rheometer in conjunction with rectangular
torsional geometry at ambient temperature. Samples with
uniform thickness and width were loaded onto the fixtures,
clamped, and kept under tension of �1 N throughout the
experiment at ambient temperature, that is, 21–23 �C.
Strain-amplitude sweeps were performed at a frequency of 5
rps within the strain range of 0.00002–0.1%. Frequency
sweeps were performed at a strain of 0.01% over the fre-
quency range of 0.1–100 rps. For the determination of the
glass transition temperature, some of the samples were sub-
jected to small-amplitude oscillatory shearing at a constant
frequency of 0.5 rps and strain amplitude of 0.1% in the
temperature range 200–250 �C, also using the rectangular
torsional geometry.

Paired two-tail t-tests were performed for all the experi-
ments to determine if the differences observed in the linear
viscoelastic properties of the PEI and PEI/CNT suspensions
were significant or not. A 95% confidence interval was used
(a ¼ 0.05).

RESULTS AND DISCUSSION

The frequency (x) dependencies of the dynamic properties,
that is, the storage modulus [G0(x)], the loss modulus
[G00(x)], and the magnitude of complex viscosity [g*(x)], of
the as-received ‘‘neat’’ CNT incorporated into the solvent
DMSO via sonication are shown in Figure 3 (1% by weight
CNT in DMSO). For the entire frequency range investigated,
that is, 0.1–100 rps, the storage modulus and loss modulus
values are nearly parallel with G0 > G00. Both of these traits
are indicative of the gel-like behavior of the DMSO/neat CNT
suspension following sonication.38,39

A comparison of the dynamic properties of the DMSO com-
pounded with the as-received ‘‘neat’’ and surface-functional-
ized CNT via citric acid treatment was also made (see Fig. 4

FIGURE 3 Linear viscoelastic properties storage modulus (G0), loss
modulus (G00), and magnitude of complex viscosity (g*) as a func-

tion of frequency for 1% by weight of CNT (/ ¼ 0.006) in DMSO.

FIGURE 4 Storage modulus (G0) versus frequency of 1% by

weight of neat and surface-modified CNTs (/ ¼ 0.006) in

DMSO. The insets show the TEM micrographs revealing a clus-

tered state for the modified CNT.
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for 1% of CNT in DMSO). The functionalized CNT incorpo-
rated into DMSO also revealed a gel-like behavior (G0 > G00

and G0 and G00 independent of frequency). However, the neat
CNT/DMSO suspensions exhibited significantly higher
dynamic properties than the CNT/DMSO suspensions con-
taining surface-functionalized CNT [see the storage moduli,
G0(x), values in Fig. 4]. The fivefold increase of the G0(x)
going from modified to neat CNT suggests that either there
was improved dispersion of the neat CNT in DMSO (counter
to expectations) or because the aspect ratios of the modified
CNT were reduced during the citric acid-functionalization
process. TEM analysis indicated that the aspect ratios of
functionalized CNTs were indeed about an order of magni-
tude smaller than the neat CNT and that the neat CNTs were
better exfoliated on sonication (see insets in Fig. 4). Consid-
ering that the aspect ratios could be better preserved and
the nanotubes could be better dispersed for the case of the
neat CNT, the rest of our investigation, reported in Figures
5–15, used only neat CNT.

Dynamic Properties of CNT in PEI in Melt State
Dynamic properties, that is, the storage modulus [G0(x)], the
loss modulus [G00(x)], and the magnitude of complex viscos-
ity [g*(x)], of the PEI and PEI/CNT nanosuspensions with 0,
1, 2, and 5% by weight of CNT (volume fraction / in the
range of 0–0.03) were collected. Storage modulus versus fre-
quency behavior of the PEI and its suspensions are shown in
Figure 5 at 290 �C. The storage modulus increases with
increasing CNT concentration, with the increase most promi-
nent at a CNT concentration of 5%. Pure PEI has a modulus
of 505 6 39 Pa at x ¼ 0.1 rps, and the addition of 1% CNT
raises this value to 3712 6 1425 Pa. Doubling the CNT con-
tent to 2% by weight yields a storage modulus of 6300 6
2890 Pa, and raising it to 5% gives a modulus of 17,772 6
4221 Pa for 0.1 rps. Paired two-tailed t-tests on the pure
PEI/5% CNT and 2% CNT/5% CNT and 1% CNT/2% CNT
show that the increase in storage modulus due to the addi-
tion of CNT is significant at a p-value of 0.05. Such observed

increases of the elasticity and the viscosity of CNT/PEI sus-
pensions were also reported for other thermoplastic poly-
mer/CNT composites, such as the 2 orders of magnitude
increase in storage modulus of poly(carbonate) composites
observed for 5% by weight CNT,9 and the 3–4 orders of mag-
nitude increase for poly(ethylene terephthalate) with 4.8%
CNT.40 An order of magnitude difference in storage modulus
exists between PEI with 1% CNT and pure PEI, suggesting
that rheological percolation has been achieved with the PEI
with 1% CNT (CNT volume fraction, / ¼ 0.006). This is con-
sistent with the consideration that the transition from dilute
to the concentrated isotropic concentration regime (at which
the CNTs begin to have difficulty packing isotropically)
occurs at u � pd

4L, that is, O(10�3).41 Increases similar to
those observed for the storage modulus values were also
observed for the loss modulus values of PEI versus PEI/CNT
suspensions (Fig. 6).

The dynamic properties, that is, the storage modulus and
loss modulus values were analyzed in conjunction with a lin-
ear viscoelastic model, the generalized Maxwell constitutive
equation, to determine the relaxation time versus the relaxa-
tion strength spectra of PEI and PEI/CNT nanosuspensions.
According to the generalized Maxwell model, the storage and
loss moduli are given as follows:42

G0ðxÞ ¼
X
i

Goik
2
i x

2

1þ k2i x
2

(4)

G00ðxÞ ¼
X
i

Goikix

1þ k2i x
2

(5)

Relaxation times and relaxation strengths were determined
by minimizing the objective function:20

F ¼
XN
i¼1

G0
i;exp � G0

i;fit

� �
=G0

i;exp

h i2
þ G00

i;exp � G00
i;fit

� �
=G00

i;exp

h i2� �

(6)

FIGURE 5 Storage modulus (G0) versus frequency of suspen-

sions of PEI with 0, 1, 2, and 5% by weight of CNT (/ ¼ 0,

0.006, 0.012, 0.03) and the best fit of the generalized Maxwell

model at 290 �C.

FIGURE 6 Loss modulus (G00) versus frequency of suspensions

of PEI with 0, 1, 2, and 5% by weight of CNT (/ ¼ 0, 0.006,

0.012, 0.03) and the best fit of the generalized Maxwell model

at 290 �C.
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where N is the number of data points, G0
i,exp and G00

i,exp are
the experimental data obtained from the frequency sweeps,
and G0

i,fit and G00
i,fit are determined on the basis of a general-

ized Maxwell model.20

The best-fit values of the relaxation time, ki, versus relaxa-
tion strength, Goi, are shown in Figure 7. The relaxation time
and strength values increase with increasing concentration
of the CNTs. The comparisons of the best fits of the general-
ized Maxwell model and the experimental data for the stor-
age modulus [G0(x)] and the loss modulus [G00(x)] are
shown in Figures 5 and 6, respectively, and the fit is accepta-
ble. The relaxation spectra obtained from the dynamic prop-
erties with the generalized Maxwell model provides the basic
wherewithal, along with the fitting of the damping function
obtained from the step-strain experiments, for the utilization

of a nonlinear viscoelastic constitutive equation as will be
later discussed.

The predicted zero-shear viscosity values of PEI and PEI/
CNT suspensions, that is, g0 ¼ P

i Goikoi , were determined as
5.3 � 104, 2.7 � 105, 7.4 � 105, and 2.3 � 106 for 0, 1, 2,
and 5% by weight of CNT, respectively. The 1–2 orders of
magnitude increase in the shear viscosity of the nanocom-
posite with modest increases in the concentration of CNT,
that is, 1–5% by weight, is indicative of the challenging na-
ture of the preparation of polymeric nanocomposites. The
comparison of the predicted zero-shear viscosity values
with the magnitude of complex viscosity values (Fig. 8) as
the frequency approaches zero for 0–2% CNT indicates that
the Cox-Mertz rule is approached, that is, the shear viscos-
ity and the magnitude of complex viscosity approach each
other as the shear rate and the frequency both approach
zero. However, the Cox-Mertz rule does not hold for PEI
with 5% CNT, that is, the predicted zero-shear viscosity is
observed to be significantly higher than the magnitude of
complex viscosity values at low frequencies.

Relaxation Modulus Behavior at 290 8C as Characterized
with Step-Strain Experiments
Step-strain experiments were performed at varying strains, c
¼ hR/H, where h is the angular displacement, R is the radius,
and H is the gap of the parallel plates used for the step-
strain experiments. The strains were varied from 5, 10, 20,
50, 100, and 200% at 290 �C, and the relaxation modulus
versus time and strain behavior data were collected (Figs. 9
and 10). The step-strain experiments were performed on the
pure, 1% (Figs. 9 and 10), 2%, and 5% CNT–PEI samples, all
of which became nonlinear at about 50% strain, that is, the
relaxation modulus curve for 50% ceased to overlap with
those of lower strains. The time-dependent relaxation modu-
lus as a function of time [G(t)] behavior of PEI and its sus-
pensions could be predicted in the linear viscoelastic range
on the basis of the relaxation spectra (Goi vs. ki, reported in

FIGURE 7 Relaxation strength (Goi) versus the relaxation time

(ki) spectra of PEI and suspensions of PEI with 0–5% by weight

of CNT (/ ¼ 0, 0.006, 0.012, 0.03) at 290 �C.

FIGURE 8 Magnitude of complex viscosity of PEI and PEI sus-

pensions with 1, 2, and 5% by weight of CNT (/ ¼ 0, 0.006,

0.012, 0.03) versus frequency and comparisons with the predic-

tions of the generalized Maxwell model at 290 �C.

FIGURE 9 Stress relaxation on imposition of step strain for

pure PEI and predictions of the generalized Maxwell model at

290 �C.
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Fig. 7) obtained from the best Maxwellian fit of the dynamic
properties:42

G tð Þ ¼
X
i

Goi expð�t=kiÞ (7)

Figures 9 and 10 show the comparisons of the relaxation
moduli obtained from the generalized Maxwell model (eq. 7)
versus the experimental data collected with the step-strain
experiments in the linear range for pure PEI and 1% by
weight CNT (/ ¼ 0.006). The agreement is excellent for the
PEI and PEI with 1 and 2% by weight of CNT (/ ¼ 0.006
and 0.012). On the other hand, the predicted relaxation mod-
ulus values are considerably higher than the experimental
ones for PEI with 5% CNT (/ ¼ 0.03). This large deviation
between the prediction of the generalized Maxwell model
versus experimental data for / ¼ 0.03 is consistent with the
comparison of the zero-shear viscosity values versus the
magnitude of complex viscosity as the frequency approaches
zero (as discussed earlier), in which the predicted zero-shear
viscosity was determined to be significantly higher than the
magnitude of complex viscosity as the frequency approaches
zero for the 5% CNT samples. These differences observed for
the 5% CNT–PEI sample likely stem from the formation of a
yield stress, as noted earlier, which should also lead to
strong wall slip of the 5% suspension with the highest con-
centration of CNT, an effect which is well documented for
various polymers and polymeric suspension systems.34,43,44

The damping function h(c) ¼ G(t,c)/G(t) versus c behavior of
the PEI melt and PEI nanosuspensions are shown in Figure
11. The damping function h(c) data were fitted with a single
exponential [h(c) ¼ exp(�nc)] with the n values determined
to be in the range of 1.5–2.0. The nanosuspension samples
typically relax at a slower rate with increasing concentration
of CNT, which can be attributed to the decreased mobility,
that is, confinement effect, of the macromolecules in the
presence of CNTs on one hand and the formation of a CNT

network that spans the volume of the sample on the other
as noted earlier for the highest CNT concentration of 5% by
weight (/ ¼ 0.03). With increasing CNT concentration, the
CNT mesh becomes more interconnected, providing addi-
tional affine junctions45 that further increase the relaxation
times of the suspensions and the relaxation modulus in the
linear viscoelastic range observed on the Maxwellian fit. The
formation of the network will be influenced by the state of
the dispersion and exfoliation of the nanoparticles.46 The
decrease of the polymer chain mobility in the presence of
CNTs has also been observed to influence the mechanical
properties of polymer nanocomposites at temperatures
below the glass transition of the nanocomposite.47,48

The predictions of the shear viscosity [gð _cÞ] and the first
normal stress difference [N1 _cð Þ] as a function of the shear
rate ( _c) at 290 �C could be made on the basis of using a
time-strain separable (with a kernel consisting of a memory
function depending only on time and a damping function
depending only on strain) integral-type viscoelastic constitu-
tive equation, that is, the Wagner postulate of K-BKZ consti-
tutive equation.49,50 The material functions of the K-BKZ
equation were given by Kalyon et al. for an exponential
damping function:20

g _cð Þ ¼
X Go;iki

1þ n _ckið Þ2 andN1 _cð Þ ¼ _c2
X 2Go;ik

2
i

1þ n _ckið Þ3 (8)

The K-BKZ equation can be used for the analysis of the ther-
momechanical histories that are developed during the proc-
essing of PEI nanocomposites similar to what could be dem-
onstrated for pure PEI.51–54

The material functions of g _cð Þ and N1 _cð Þ predicted from the
K-BKZ constitutive equation are shown in Figures 12 and 13.
The shear viscosity and the elasticity of the nanosuspensions
are predicted to increase significantly, especially at the low
shear rate range on the incorporation of the CNT into the
PEI melt, rendering it more difficult to process and shape

FIGURE 10 Stress relaxation on imposition of step strain for PEI

with 1% by weight CNT (/ ¼ 0.006) and predictions of the linear

viscoelasticity, that is, generalized Maxwell model at 290 �C.

FIGURE 11 Damping function values of PEI and its CNT nano-

suspensions at 290 �C.
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the PEI nanosuspensions as the concentration of the CNT
increases. Predictions of the integral-type viscoelastic consti-
tutive equation for the CNT/PEI suspension with 5% by
weight CNT (/ ¼ 0.03) suggests that a relatively high yield
stress is developed at this high concentration.

The dynamic properties of the pure PEI and PEI nanocompo-
sites were further characterized at 25 �C using the rectangu-
lar torsional fixtures. As shown in Figure 14, the PEI/CNT
nanocomposites exhibit an increase in storage modulus with
increasing CNT concentration. However, the increase in the
modulus obtained in the glassy state (below the glass transi-
tion temperature) is not as marked as the increase in storage
modulus that is observed in the melt state as discussed ear-
lier. The 5% CNT samples show the greatest increase, with
the modulus increasing from 1.5 � 109 6 2.4 � 107 Pa to
about 2.3 � 109 6 2.1 � 107 Pa (about a 54% increase).
Two-tailed tests indicated that the results were statistically
significant for PEI versus PEI with 2% CNT and PEI with 2%
CNT versus PEI with 5% CNT at a p-value of 0.05. A 95%
increase in the loss modulus (G00) was observed, as well as a
26% increase in tan d for the PEI with 5% CNT.

The dynamic properties of the PEI and PEI nanocomposite
samples were also characterized as a function of tempera-
ture by keeping the frequency and the strain amplitude con-
stant in the temperature range of 200–220 �C (Fig. 15). At
200 �C, PEI has a storage modulus of 1.14 � 109 Pa,
whereas the PEI with 5% CNT has a storage modulus of
2.06 � 109 Pa. The significant decrease in modulus observed
(normalized in terms of the storage modulus at 200 �C) in
the 200–220 �C temperature range is associated with the
transition of the PEI and PEI nanocomposites from the
glassy to the rubbery states. In these experiments, multiple
rates of temperature ramping were used (0.5–5 �C/min), and
the results reported here pertain to the ramping-rate-inde-
pendent sets of data. Both the PEI and PEI with 5% CNT
exhibited relatively broad decreases in storage modulus. The
glass transition temperature can be determined from the

FIGURE 12 Predicted shear viscosity material function of PEI

and its CNT nanosuspensions at 290 �C.

FIGURE 13 Predicted first normal stress difference material

function of PEI and its CNT nanosuspensions at 290 �C

FIGURE 14 Storage modulus versus frequency of PEI nano-

suspensions at different CNT concentrations at ambient

temperature.

FIGURE 15 Ratio of storage modulus at various temperatures

over the storage modulus at 200 �C versus temperature for PEI

and PEI with 5% of CNT (/ ¼ 0.03).
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maximum of the tan d ¼ G00/G0 as a function of temperature.
In addition, the glass transition temperature values for pure
PEI and 5% CNT–PEI were found to differ significantly using
a two-tailed test with a p-value of 0.05 (a 4 �C increase from
214 to 218 �C on the incorporation of the CNT). Engineering
plastics like PEI exhibit complex microstructures on process-
ing,51–54 and the incorporation of CNT will further compli-
cate the thermomechanical history to be experienced by the
PEI nanosuspensions and the microstructural distributions
resulting from the processing operation.

CONCLUSIONS

The changes in the temperature-dependent viscoelastic
behavior of an amorphous engineering plastic like PEI on
the solution-based incorporation of MWCNTs were investi-
gated. The viscoelastic material functions included the
dynamic properties obtained via small-amplitude oscillatory
shear over a broad range of temperatures and relaxation
moduli of the PEI melts using step strain. The weight frac-
tions of CNT were 1, 2, and 5% (volume fractions, / ¼
0.006, 0.012, and 0.03). During attempts for surface func-
tionalization of the CNT, even a relatively mild treatment
involving 0.05 M citric acid gave rise to some bulk and sur-
face damage of the CNT (leading to surface treatment being
avoided during sample preparation). The neat CNT could be
dispersed into DMSO solvent using the dynamic properties
of the solvent/CNT mixtures as a litmus test for the ade-
quacy of the dispersion method. A thermal imaging camera
was used to avoid application of sonication conditions under
which temperature hotspots developed during sonication.

The incorporation of the CNTs increased the elasticity and
the shear viscosity significantly, for example, more than 35-
fold increase in storage modulus and 800% increase in the
magnitude of complex viscosity were observed for PEI with
5% CNT (/ ¼ 0.03) versus pure PEI at 290 �C, indicative of
the formation of a network of CNT that span the volume of
the nanosuspensions at this CNT concentration. The incorpo-
ration of the CNTs decreased the mobility of the PEI leading
to increases in the relaxation times and the relaxation
strengths and relaxation moduli with increasing CNT concen-
tration in the melt. At ambient temperature, the increases in
moduli of the rectangular torsional samples were more mod-
est, for example, the storage modulus showed a 54%
increase for PEI with 5% CNT samples versus pure PEI, in-
dicative of the complications associated with solidification
and structure formation on molding of the specimens. The
glass transition temperature increased by 4 �C with the
incorporation of 5% by weight CNT.

A generalized Maxwell model was found to be adequate to
describe the linear viscoelastic behavior of PEI and PEI with
1 and 2% by weight CNT but failed at 5% (/¼0.03),
presumably due to the formation of a strong CNT network
and possible onset of wall slip. A nonlinear viscoelastic
constitutive equation, K-BKZ, was used (on fitting its param-
eters, i.e., damping function from step strain and memory
function from relaxation spectra fitted from the dynamic
properties) to predict the shear viscosity and elasticity (first

normal stress difference) behavior at temperatures and
shear rates that are typical of processing of the nanocompo-
sites of PEI/CNT and reflected the expected increase in the
difficulty of the processability of the nanocomposites with
increasing CNT concentrations. Finally, the CNTs significantly
hindered the oxidative degradation of the PEI, that is, the
inclusion of the nanotubes increased the decomposition
temperature of PEI.
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