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a b s t r a c t

Aromatic polyester nanocomposites based on poly(ethylene 2,6-naphthalate) (PEN) and carbon nanotube
(CNT) were prepared by melt blending using a twin-screw extruder. Modification of CNT to introduce
carboxylic acid groups on the surface was performed to enhance intermolecular interactions between
CNT and the PEN matrix through hydrogen bonding formation. Morphological observations revealed that
the modified CNT was uniformly dispersed in the PEN matrix and increased interfacial adhesion between
the nanotubes and the PEN, as compared to the untreated CNT. Furthermore, a very small quantity of the
modified CNT substantially improved thermal stability and tensile strength/modulus of the PEN nano-
composites. This study demonstrates that the thermal, mechanical, and rheological properties of the PEN
nanocomposites are strongly dependent on the uniform dispersion of CNT and the interactions between
CNT and PEN, which can be enhanced by slight chemical modification of CNT, providing a design guide of
CNT-reinforced PEN nanocomposites with a great potential for industrial uses.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have attracted a great deal of scientific
interest as advanced materials for next generation since they were
first reported by Iijima [1]. In particular, excellent mechanical
strength, thermal conductivity, and electric current carrying ability
of CNTs have created a high level of activity in materials research for
potential applications such as hydrogen storage, lithium battery,
fuel cell, filed emitting diode, gas sensor, and polymer nano-
composite [2–9]. Furthermore, a number of efforts have been made
to develop high performance polymeric materials based on the
CNTs, with the benefit of nanotechnology, in fields ranging from the
basic science to the industrial applications [10–12]. However, be-
cause of their high cost and limited availability, only a few practical
applications in industrial field such as electronic and electric ap-
pliances have been realized to date.

Poly(ethylene 2,6-naphthalate) (PEN) is a transparent aromatic
polyester having a similar chemical structure to poly(ethylene
terephthalate) (PET), a widely used polyester resin in conventional
industry, with the exception that PEN has the naphthalene ring in
the main chain instead of the benzene ring, and it is of great in-
dustrial importance because of its high performance, good physical
properties, and low cost. As the introduction of the naphthalene
: þ82 31 210 7374.
.
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ring into the main chains stiffens the polymer chains and improves
their physical properties, PEN typically exhibits enhanced thermal,
mechanical, and gas barrier properties as compared to PET. PEN
thus holds a potential for industrial applications, including food
packaging materials, high performance industrial fibers, magnetic
recording tapes, and flexible printed circuits. In this regard, re-
search and development have been extensively performed to date
both to displace PET and to develop commercial applications of
PEN, such a high performance polymer [13–21]. Although promis-
ing, however, insufficient mechanical properties and thermal sta-
bility of PEN have often hindered its practical application in a broad
range of industry.

Polymer nanocomposites that are a new class of the materials
based on the reinforcement of polymers using nanofillers have
attracted a great deal of interest in fields ranging from the scientific
to the industrial because of remarkable improvement in the phys-
ical and mechanical properties at low filler loadings. The CNTs are
regarded as the promising reinforcements in the polymer nano-
composites due to the combination of their uniquely excellent
properties with high aspect ratio and small size [10–12]. This fea-
ture has motivated considerable efforts to fabricate CNT/polymer
nanocomposites, with the benefit of nanotechnology, in the de-
velopment of advanced composite materials for next generation.
For the fabrication of CNT/polymer nanocomposites, major goals to
realize the potential applications of CNTs as nanoreinforcing fillers
are (a) homogeneous dispersion of CNTs in the polymer matrix and
(b) strong interfacial adhesion between CNT and polymer matrix
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[22–24]. In general, CNT has a tendency to bundle together and to
form some agglomeration because of intrinsic van der Waals at-
traction between the individual tubes [25]. Weak interfacial
bonding between the nanotubes and the polymer matrix has lim-
ited the efficient load transfer to the polymer matrix, playing
a limited reinforcement role in the polymer nanocomposites [26–
28]. The functionalization of CNTs, which can be considered as an
effective method to achieve the uniform dispersion of CNTs and
their compatibility with the polymers, can lead to the enhancement
of the interfacial adhesion between CNTs and polymer matrix,
thereby improving the overall properties of CNT/polymer nano-
composites [29–33].

Currently, four processing techniques are in common use to
fabricate CNT/polymer nanocomposites [34–41]: direct mixing, in
situ polymerization, solution method, and melt compounding.
Among these processing techniques, melt compounding has been
accepted as the simplest and the most effective method from an
industrial perspective, because this process makes it possible to
fabricate high performance nanocomposites at low process cost,
and facilitates commercial scale-up. Furthermore, the combination
of a very small quantity of expensive CNT with conventional cheap
thermoplastic polymers provides attractive possibilities for im-
proving the physical properties of polymer nanocomposites using
a cost-effective method.

In this study, aromatic polyester nanocomposites based on PEN
and CNT were prepared by direct melt compounding in a twin-
screw extruder to create high performance composite materials
with low cost for possible practical applications in various in-
dustrial fields. In our previous works [42–44], we prepared the PEN
nanocomposites reinforced with pristine CNT via direct melt
compounding, and investigated the effects of pristine CNT on the
nucleation and crystallization behavior, the rheological and
mechanical properties, and the thermal stability and degradation
kinetics of the PEN/CNT nanocomposites. In this study, pristine CNT
was chemically modified to introduce functional groups on their
surfaces for improving the dispersion of the nanotubes and the
interfacial adhesion between the nanotubes and the polymer ma-
trix, and the resultant nanocomposites were characterized by
means of Fourier transform infrared (FT-IR) spectroscopy, Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA),
scanning electron microscopy (SEM), and transmission electron
microscopy (TEM) to clarify the effects of the pristine and modified
CNTs on the structure and the properties of the PEN nano-
composites. In addition, the effects of pristine and modified CNTs
on the rheological and mechanical properties of the polymer
nanocomposites are discussed. Surface modification of the CNTs
has provided remarkably enhanced physical properties of the
resulting PEN-based nanocomposites. Our study suggests a simple
and cost-effective method that will facilitate the industrial re-
alization of the CNT-reinforced PEN nanocomposites with en-
hanced physical properties.
2. Experimental

2.1. Materials

Conventional thermoplastic polymer used was the PEN with an
intrinsic viscosity of 0.97 dL/g, supplied by Hyo Sung Corp., Korea.
The nanotube used was multi-walled CNT (degree of purity> 95%)
synthesized by a thermal chemical vapor deposition process, pur-
chased from Iljin Nanotech Co., Korea. According to the supplier,
their length and diameter were in the range of 10–50 and 10–
30 nm, respectively, indicating that their aspect ratio reaches 1000.
The concentrated sulfuric acid (H2SO4, 98%) and nitric acid (HNO3,
68%) were purchased from the Sigma Aldrich Co., and they were
used as-received without further purification.

2.2. Preparation of polymer nanocomposites

The CNT was modified by the following steps: the CNT was
added to the mixture of concentrated H2SO4 and HNO3 with a vol-
umetric ratio of 3:1 and this mixture was sonicated at 80 �C for 4 h
to create the carboxylic acid groups on the nanotube surface. After
this mixture was cooled to room temperature, it was diluted with
deionized water and then vacuum-filtered through 0.22 mm mil-
ipore PTFE membranes, and washed with an excess of distilled
water until the pH value of the filtrate reached approximately 7. The
filtrated solid was dried in vacuo at 70 �C for at least 24 h, yielding
the modified CNT. The carboxylic acid groups were introduced in
order to increase the CNT’s chemical affinity with the PEN, yet to
decrease the p–p stacking effect among the aromatic rings of the
nanotubes, which often leads to the formation of their agglomer-
ation [45]. Throughout the manuscript, the p-CNT and the m-CNT
denote the pristine CNT and the modified CNT, respectively.

All the materials were dried at 120 �C in vacuo for at least 24 h
before use, to minimize the effects of moisture. The PEN nano-
composites were prepared by a melt blending process in a Haake
rheometer (Haake Technik GmbH, Germany) equipped with a twin-
screw. The temperature of the heating zone, from the hopper to the
die, was set to 280, 290, 295, and 285 �C, and the screw speed was
fixed at 20 rpm. For the fabrication of the PEN nanocomposites, PEN
was melt blended with the addition of CNT content, specified as 0.1
and 0.5 wt% in the polymer matrix. Upon completion of melt
blending, the extruded strands were allowed to cool in the water-
bath, and then cut into pellets with constant diameter and length
using a rate-controlled PP1 pelletizer (Haake Technik GmbH,
Germany).

2.3. Characterizations

The chemical structures of p-CNT and m-CNT were character-
ized by means of FT-IR measurement using a Magna-IR 550 spec-
trometer (Nicolet Co.) in the range 400–4000 cm�1 at room
temperature. FT-IR spectra were obtained using a spectral resolu-
tion of 4 cm�1 and were averaged over 64 scans. The CNTs were
mixed with KBr powder and then KBr discs were prepared using
a die in a Carver press. The change in the structure of CNT by
chemical modification was characterized by means of a JASCO NRS-
3100 Raman spectrometer (JASCO Inc.) equipped with a 532 nm
diode laser, and the laser beam with a nominal power of 30 mW
was focused to a spot size of 5 mm diameter. The XPS spectra was
obtained on a VG ESCALAB 220-I system using MgKa X-ray radia-
tion as the excitation source with a pass energy of 1253.6 eV. The
XPS analysis was performed under high vacuum conditions
(10�9 Torr). All binding energies were referenced to the C1s neutral
carbon peak at 284.6 eV.

Thermal behavior of PEN/CNT nanocomposites were measured
with a TA instrument 2010 DSC over the temperature range of 30–
295 �C at a scanning rate of 10 �C/min under N2 atmosphere. The
samples with a typical mass of 6.5� 0.3 mg were encapsulated in
sealed aluminum pans. The samples were first heated to 295 �C at
a heating rate of 10 �C/min, maintained at that temperature for
10 min to eliminate any previous thermal history, and then cooled
to room temperature at a cooling rate of 10 �C/min. Thermogravi-
metric analysis of PEN/CNT nanocomposites were performed with
a TA instrument SDF-2960 TGA over the temperature range of 30–
850 �C at a heating rate of 10 �C/min under nitrogen.

The rheological properties of PEN/CNT nanocomposites were
performed on an ARES (Advanced Rheometric Expansion System)
rheometer (Rheometric Scientific Inc.) in oscillation mode with the



Fig. 1. (a) FT-IR and (b) Raman spectra of CNTs (A: p-CNT and B: m-CNT).

Scheme 1. Schematic showing possible interaction of hydrogen bonding between the
m-CNT and the PEN matrix.
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parallel-plate geometry using the plate diameter of 25 mm and the
plate gap setting of w1 mm at 295 �C, by applying a time-de-
pendent strain, g(t)¼ g0 sin(ut) and measuring resultant shear
stress, g (t)¼ g0[G0 sin(ut)þG00 cos(ut)], where G0 and G00 are stor-
age and loss moduli, respectively. The frequency ranges were varied
between 0.05 and 450 rad/s, and the strain amplitude was applied
to be within the linear viscoelastic ranges.

The morphology of the PEN nanocomposites was observed us-
ing a JEOL 2000-FX TEM imaging microtomed ultrathin slices of the
PEN nanocomposite films with an accelerating voltage of 120 kV.
SEM experiments were conducted using a JEOL 6340 SEM with an
accelerating voltage of 15 kV. The samples used for SEM observa-
tion were gold-coated in vacuo using ion sputtering before scanning
to prevent charging in the electron beam. The mechanical proper-
ties of the PEN nanocomposites were measured at room tempera-
ture using an Instron 4465 testing machine, according to the
procedures in the ASTM D 638 standard. The gauge length and the
crosshead speed were set to 20 mm and 5 mm/min, respectively.
The films of testing samples were prepared in a hydrolytic press at
295 �C, and they were conditioned at approximately 50% relative
humidity for 24 h before the measurements. At least five mea-
surements were performed for each sample and the results were
averaged to obtain a mean value.

3. Results and discussion

3.1. Effect of CNT modification

The FT-IR spectra of the p-CNT and the m-CNT are shown in
Fig. 1(a). The broad shoulder peak ranged in 3200–3400 cm�1 was
attributed to the O–H stretching band induced by the hydroxyl
groups attached at the CNT. The characteristic peak observed at
approximately 1570 cm�1 was attributed to the IR-phonon mode of
the multi-walled CNT [46,47]. For the m-CNT, the peaks observed at
near 1190 and 1730 cm�1 were assigned to the C]O and C–O
stretching vibrations of the carboxylic acid groups [47,48]. This
result demonstrates that carboxylic acid groups on the surface of
m-CNT were effectively induced via the chemical treatment. Thus,
it is expected that the functional groups formed on the surface of
the m-CNT contribute to the enhancement of the interaction in the
PEN/m-CNT nanocomposites through hydrogen bonding forma-
tion, as shown in Scheme 1.

The Raman spectra of the p-CNT and the m-CNT are shown in
Fig. 1(b). Similar patterns observed in the Raman spectra of the p-
CNT and the m-CNT indicated that the chemical modification did
not affect the graphite structure of the CNTs. It is known that this
chemical modification of the CNTs in the HNO3/H2SO4 mixture
can be used to produce carboxylic acid groups at local defect sites
on CNT and their ends [29]. The Raman spectra of the p-CNT and
the m-CNT exhibited three characteristic peaks observed at near
1350, 1570, and 2690 cm�1, respectively, which were termed D-
band, G-band, and D*-band (overtone of D-band), respectively
[49]. The G-band, corresponding to the Raman-allowed phonon
high-frequency mode, was related to the structural intensity of
the sp2-hybridized carbon atoms of the CNTs [50,51]. The D-band
reflected the disorder-induced carbon atoms, resulting from the
defects in the CNT and their ends, and its intensity decreases
with the degree of the graphitization of the CNT [50,51]. As
shown in Fig. 1(b), the relative intensity of D-band was slightly
increased in the m-CNT, indicating that the sp2 hybrid decreased
and the sp3 hybrid increased after the chemical modification of
the p-CNT. In addition, the relative intensity ratio of G-band to D-
band (IG/ID) of the m-CNT was slightly decreased compared to
that of the p-CNT, which was attributed to the increase in the
degree of disorder and the presence of the defects on the surface
of the m-CNT by chemical modification [52]. The representative
TEM images of the m-CNT are shown in Fig. 2. The m-CNT
exhibited loosely entangled organization instead of showing the
agglomerated structures or bundles observed in the p-CNT, im-
plying more effective enhancement of the dispersion of the m-
CNT than that of the p-CNT. However, it was reported that there
was a possibility to occur the slight damage and the decreased



Fig. 2. Representative TEM images of the m-CNT after modification.

Fig. 3. (a) XPS survey spectra of PEN nanocomposites (A: PEN and B: PEN/m-CNT) and
high resolution C1s XPS spectra of (b) PEN and (c) PEN/m-CNT nanocomposites.
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length in the nanotube structure induced by the strong acid
treatment [53,54].

The elemental compositions of the PEN nanocomposites were
characterized by XPS. The XPS survey spectra of pure PEN and the
PEN/m-CNT nanocomposites are shown in Fig. 3. Two characteristic
peaks corresponding to C1s and O1s at approximately 285 and
532 eV, respectively, were observed, which were assigned to the
sp2 carbon and the ether-type group with oxygen bonded to carbon
[55,56]. The high resolution C1s XPS spectra of pure PEN and the
PEN/m-CNT nanocomposites are shown in Fig. 3(b and c). The C1s

spectra of pure PEN exhibited three characteristic peaks at 285,
286.5, and 288.7 eV, corresponding to C–C, C–O, and C]O groups,
respectively [57]. Compared with that of pure PEN, the C1s spectra
of the PEN/m-CNT nanocomposites shift to higher binding energy,
and also revealed the presence of three peaks, corresponding to C–
C (285.2 eV), C–O (289.1 eV), and C]O (291.3 eV) groups, re-
spectively. This slight shifting of the characteristic peaks to higher
binding energy for the PEN/m-CNT nanocomposites was attributed
to the interaction of functional groups formed on the surface of m-
CNT with the PEN molecules as well as good dispersion of the m-
CNT in the PEN matrix [24].

3.2. Thermal behavior

TGA was conducted to identify the thermal stability of the p-
CNT, the m-CNT, and the PEN nanocomposites, and their results are
shown in Fig. 4. For the m-CNT, the first weight loss observed below
100 �C in the TGA traces was attributed to the loss of water mole-
cules in the nanocomposite samples [58]. In addition, the further
gradual decrease in the residual weight was attributed to organic
decomposition of thermally unstable functional groups formed on
the surface of the m-CNT [59]. As shown in Fig. 4(b), the in-
corporation of the p-CNT and the m-CNT into the PEN matrix can
increase the thermal degradation temperatures and the residual
yields of the PEN nanocomposites and this enhancing effect was
more significant in the PEN/m-CNT nanocomposites. This result
indicated that the presence of the p-CNT and m-CNT could lead to
the stabilization of the PEN matrix, resulting in the enhancement of
the thermal stability of the PEN nanocomposites. The CNTs can
effectively act as physical barriers to prevent the transport of vol-
atile decomposed products out of the PEN nanocomposites during
thermal decomposition. In addition, good interfacial adhesion be-
tween the m-CNT and the PEN matrix may restrict the thermal
motion of the PEN molecules [60], resulting in further improve-
ment in the thermal stability of the PEN/m-CNT nanocomposites.

The TGA kinetic analysis was conducted on the PEN nano-
composites to clarify the effects of the p-CNT and the m-CNT on the



Fig. 5. Plots of ln[ln(1� a)�1] versus q as shown for PEN/p-CNT and PEN/m-CNT
nanocomposites.

Fig. 4. TGA thermograms of (a) the p-CNT and the m-CNT and (b) the PEN
nanocomposites.
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thermal stability of the PEN nanocomposites. The thermal de-
composition temperatures and decomposition kinetic parameters
such as the initial decomposition temperature, the integral pro-
cedure temperature, the temperature at maximum rate of weight
loss (Tdm), and the activation energy for decomposition (Ea) are in
common use to estimate the thermal stability of polymers or
polymer nanocomposites. The activation energy for the thermal
decomposition (Ea) of the PEN nanocomposites can be estimated
from the TGA thermograms by the Horowitz–Metzger integral ki-
netic method [61] as follows:

ln
h
lnð1� aÞ�1

i
¼ Eaq

RT2
dm

(1)

where a is the weight loss; Ea is the activation energy for the
thermal decomposition; Tdm is the temperature at the maximum
rate of weight loss; q is the variable auxiliary temperature defined
as q¼ T� Tdm; and R is the universal gas constant. The activation
energy (Ea) can be determined from the slope of the plot of
ln[ln(1� a)�1] versus q as shown in Fig. 5. The Ea values of the PEN
nanocomposites containing the p-CNT and the m-CNT were 293.5
and 305.3 kJ/mol, respectively. Compared with the PEN/p-CNT
nanocomposites, the higher Ea value of the PEN/m-CNT nano-
composites suggested that the PEN/m-CNT nanocomposites with
more uniform dispersion of the m-CNT were more thermally stable
than the PEN/p-CNT nanocomposites. This feature was also attrib-
uted to the interactions between the m-CNT and the PEN matrix,
which increase the activation of the thermal decomposition of the
PEN matrix relative to the p-CNT. Similar observation has reported
that in the case of single-walled carbon nanotube (SWNT) and
polyisoprene (PI) nanocomposites, the improved thermal stability
and increased weight loss of functionalized SWNT/PI nano-
composite may be associated with the enhanced interactions be-
tween the PI and the organically modified SWNT side walls [62].
Because of excellent thermal conductivity of CNT [63,64], the en-
hanced interfacial interaction between the m-CNT and the PEN
matrix resulted in the increased thermal conductivity of the PEN
nanocomposites, leading to the improvement in the thermal sta-
bility. In addition, it can be deduced that the Ea values of the PEN
nanocomposites calculated from the Horowitz–Metzger method
exhibited good reliance on describing the thermal decomposition
kinetics of the PEN nanocomposites, which was confirmed by the
fact that the values of the correlation coefficient (r2) were greater
than 0.99.

The DSC thermograms of the PEN nanocomposites are shown in
Fig. 6. The incorporation of the p-CNT has little effect on the glass
transition temperature (Tg) and melting temperature (Tm) of the
PEN nanocomposites. However, the Tg of the PEN/m-CNT nano-
composites slightly increased with the introduction of the m-CNT.
The increase in the Tg of the PEN/m-CNT nanocomposites was at-
tributed to the hindrance of the segmental motion of the PEN
macromolecular chains with the presence of the m-CNT [65]. In
addition, the crystallization temperatures were significantly
increased with the introduction of the p-CNT and the m-CNT,
indicating the efficiency of them as strong nucleating agents for the
crystallization of PEN. This result suggested the enhancement of the
crystallization of the PEN nanocomposites with the presence of
the p-CNT and the m-CNT. For CNT-filled polymer nanocomposites,
the accelerated crystallizations by the presence of CNTs through
heterogeneous nucleation have been also reported [44,66,67].
3.3. Rheological properties

The complex viscosities (jh*j) of the PEN nanocomposites as
a function of frequency are shown in Fig. 7. The complex viscosities
of pure PEN and the PEN nanocomposites were decreased with
increasing frequency, indicating a non-Newtonian behavior over
the whole frequency range measured. The shear thinning behavior
observed in the PEN nanocomposites was attributed to the random
orientation and entangled molecular chains in the nanocomposites
during the applied shear force. The PEN nanocomposites containing



Fig. 6. DSC of (a) heating and (b) cooling traces of PEN nanocomposites.

J.Y. Kim et al. / Polymer 49 (2008) 3335–33453340
the p-CNT and the m-CNT nanocomposites exhibited higher jh*j
value than that of pure PEN at low frequency, indicating that the
interconnected or network structures formed as a result of parti-
cle–particle and particle–polymer interactions. In addition, the PEN
nanocomposites exhibited shear thinning behavior, resulting from
Fig. 7. Variations of complex viscosity of PEN nanocomposites as a function of
frequency.
the break down of these structures with increasing frequency. The
jh*j of the PEN nanocomposites containing the m-CNT was further
increased due to the increase in the interactions between the PEN
and the nanotubes. Furthermore, the PEN/m-CNT nanocomposites
exhibited higher jh*j and more distinct shear thinning behavior
over the whole frequency range, relative to the other systems,
suggesting either better dispersion of the nanotubes or stronger
nanotube–polymer interactions. It was reported that the higher
viscosity and more distinct shear thinning behavior were indicative
of stronger interfacial interactions in the CNT and epoxy nano-
composite systems with more uniform dispersion of the CNT [68].
The increase in the jh*j of the PEN nanocomposites was closely
related to the increase in the storage modulus, which will be de-
scribed in the following section.

The shear thinning exponent (n) for the PEN nanocomposites
can be obtained from the relationship of jh*jz un [69], and their
results are summarized in Table 1. This result indicated that shear
thinning behavior of the PEN nanocomposites significantly
depended on the presence of the p-CNT and the m-CNT. The n
values of the PEN nanocomposites slightly decreased with the in-
troduction of the p-CNT and the m-CNT and this effect was more
pronounced in the case of the m-CNT. This phenomenon was at-
tributed to the enhancement of the interfacial interactions between
the m-CNT and the PEN matrix as well as the uniform dispersion of
the m-CNT. Pinnavaia and Beall [70] suggested that the better the
nanofillers are dispersed, the stronger is the reinforcing effect on
the polymer nanocomposites at a given filler content. As shown in
Table 1, the PEN/p-CNT and the PEN/m-CNT nanocomposites
exhibited slightly different n values even at the same CNT content,
indicating the influence of the modification on the extent of CNT
dispersion. In addition, it can be observed that the PEN nano-
composites containing the p-CNT and the m-CNT show the re-
lationship between the shear thinning exponent and the
mechanical properties for the PEN nanocomposites: the more the
shear thinning behavior, the better the reinforcement effect on
the mechanical properties. Similar observation has been reported
in that the tensile modulus of the modified clay/poly(butylene
terephthalate) nanocomposites prepared via melt compounding
was improved with lower values of the shear exponent [71]. This
result will be described in the following discussion of the
mechanical properties of the PEN nanocomposites.

The storage modulus (G0) and loss modulus (G00) of the PEN
nanocomposites with the applied frequency are shown in Fig. 8.
The values of G0 and G00 for the PEN nanocomposites increased with
increasing frequency and this enhancing effect was more signifi-
cant at low-frequency region. This rheological response is similar to
the relaxation behavior of the typical filled-polymer composite
systems [72,73]. If the polymer chains are fully relaxed and exhibit
a characteristic homopolymer-like terminal behavior, the flow
curves of polymers can be expressed by a power law of G0 f u2 and
G00 f u [74]. Krisnamoorti and Giannelis [75] reported that the
slopes of G0(u) and G00(u) for the polymer/layered silicate nano-
composites were much smaller than 2 and 1, respectively, sug-
gesting that large deviations in the presence of a small quantity of
layered silicate were caused by the formation of a network-like
structures in the molten state. The slopes of the terminal zone of G0

and G00 for the PEN nanocomposites are presented in Table 1. This
Table 1
Variations of low-frequency slopes of jh*j, G0 , and G00 versus u for the PEN
nanocomposites

Materials Slope of jh*j
versus u

Slope of G0

versus u

Slope of G00

versus u

PEN �0.13 1.26 0.95
PEN/p-CNT 0.5 �0.17 1.02 0.89
PEN/m-CNT 0.5 �0.19 0.93 0.85



Fig. 9. Variation of tan d as a function of frequency for PEN nanocomposites.

Fig. 8. (a) Storage modulus (G0) and (b) loss modulus (G00) of PEN nanocomposites as
a function of frequency.

Fig. 10. Plots of phase angle versus complex modulus of PEN nanocomposites.
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result indicated the non-terminal behavior with the power-law
dependence for G0 and G00 of the PEN nanocomposites. Similar non-
terminal low-frequency rheological behavior has been observed in
ordered block copolymers and smectic liquid–crystalline small
molecules [76,77]. The decrease in the slope of G0 and G00 for the PEN
nanocomposites with the introduction of the nanotubes was
explained by the fact that the nanotube–nanotube or the nano-
tube–polymer interactions can lead to the formation of the inter-
connected or network-like structures, resulting in the pseudo solid-
like behavior of the PEN nanocomposites.

As shown in Fig. 8, the extent of the increase in G0 of the PEN
nanocomposites was higher than that of G00 over the frequency
range measured. The values of G0 and G00 for the PEN nano-
composites were higher than those of pure PEN, particularly at low
frequency, and this enhancing effect was more pronounced in the
case of the m-CNT. The higher G0 and G00 values of the PEN nano-
composites at low frequency demonstrated the formation of the
interconnected or network structures via particle–particle and
particle–polymer interactions by the presence of the nanotubes,
resulting in more elasticity than pure PEN. As the applied frequency
increased, the interconnected or network structures were broken
down due to high levels of shear force and the PEN nanocomposites
exhibited almost similar or slightly higher G0 and G00 values than
that of pure PEN at high frequency. Furthermore, the values of G0

and G00 for the PEN/m-CNT nanocomposites were higher than those
of pure PEN and the PEN/p-CNT nanocomposites over the whole
frequency range measured, suggesting the increase in the in-
teractions between the m-CNT and the PEN matrix.

The variation of tan d with frequency for the PEN nano-
composite is shown in Fig. 9. Shear deformation can lead to the
partial orientation of the molecules in polymer chains, resulting in
the decrease in tan d of the PEN nanocomposites with increasing
frequency. It can be observed that the loss tangent maximum of the
PEN nanocomposites shifted to higher frequency with the in-
troduction of the p-CNT and the m-CNT, implying the formation of
the interconnected or network structures in the polymer nano-
composites [43]. The plots of the phase angle (d) versus the absolute
value of the complex modulus (jG*j) for the PEN nanocomposites,
which is known as the Van Gulp–Palmen plot [78–80], are shown in
Fig. 10. The decrease in the phase angle with decreasing the com-
plex modulus indicated the enhancement of the elastic behavior.
The PEN nanocomposites containing the p-CNT and the m-CNT
exhibited smaller d values at lower jG*j values, indicating that the
incorporation of the nanotube enhanced the elastic behavior of the
PEN nanocomposites and this enhancing effect was more pro-
nounced in the case of the m-CNT.

As described in the previous sections, the values of G0 and G00 for
the PEN nanocomposites containing the p-CNT and the m-CNT
were higher than that of pure PEN and this enhancing effect was
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more significant in the case of the PEN/m-CNT nanocomposites.
The plot of log G0 versus log G00 for the PEN nanocomposites is
shown in Fig. 11. In general, the Cole–Cole plot provides a master
curve with a slope of 2 for isotropic and homogeneous polymer
melts, irrespective of temperatures [81]. The PEN nanocomposites
did not provide a perfect single master curve, and exhibited the
shifting and the change of the slope of the plot with the in-
troduction of the p-CNT and the m-CNT. The slopes in the terminal
regime of the PEN nanocomposites were less than 2, indicating that
Fig. 12. Representative (a) TEM images of the PEN/m-CNT 0.1, (b) SEM images of the PEN/m
the PEN nanocomposite systems were heterogeneous and they
underwent some chain conformational changes due to the inter-
connected or network structures by the presence of the nanotubes.
In addition, the slope of the PEN/m-CNT nanocomposites was lower
than that of the PEN/p-CNT nanocomposites. This phenomenon
may be attributed to the existence of the interfacial interactions
between the m-CNT and the PEN matrix. However, over the G00

values of approximately 104, the slope of PEN nanocomposites in-
creased and approached to similar slope of pure PEN, indicating
that the interconnected or network structures formed by the
nanotube–nanotube and the polymer–nanotube interactions were
collapsed by high levels of shear force.
3.4. Morphology

The m-CNT exhibited less entangled structures due to the
functional groups formed on their surfaces via chemical modifica-
tion compared with the p-CNT showing more aggregated struc-
tures. The representative TEM images of the PEN/m-CNT 0.1
nanocomposites are shown in Fig. 12(a). In general, the drawbacks
related to the homogeneous dispersion of the nanotubes in the
polymer matrix resulted from intrinsic van der Waals attractions
between the individual nanotubes in combination with high aspect
ratio and large surface area, making it difficult for the nanotubes to
disperse in the polymer matrix. The interfacial adhesion between
the nanotubes and the polymer matrix plays an important role in
improving the properties of the polymer nanocomposites. As
shown in Fig. 12(a) and (b), the m-CNT was dispersed well in the
PEN nanocomposites, which was explained by the fact that the m-
-CNT 0.5, and (c) and (d) the fracture surfaces of the PEN/m-CNT 0.5 nanocomposites.
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CNT stabilizes their dispersion by good interactions with the PEN
matrix, resulting from the increased polarity by the functional
groups formed on the surfaces of the m-CNT as well as good in-
teractions of the –COOH groups with the C]O groups of the PEN
matrix. This interfacial adhesion between the m-CNT and the PEN
matrix is crucial for improving the mechanical properties of the
PEN nanocomposites. The fractured surfaces of the PEN/m-CNT
nanocomposites are also shown in Fig. 12(c) and (d). It can be seen
that two ends of the m-CNT were covered by the PEN matrix, and
this feature indicated that the m-CNT had a good wetting with the
PEN matrix, suggesting the existence of strong interactions be-
tween them. The presence of the functional groups on the surfaces
of the m-CNT resulted in the interfacial interaction between the
polymer matrix and the nanotubes in the PEN/m-CNT nano-
composites. For instance, the hydrogen atoms at the –COOH groups
of the m-CNT may form hydrogen bonding with the C]O groups of
PEN macromolecular chains as shown in Scheme 1. Meng and co-
workers [82] reported that for multi-walled CNT (MWCNT) and
polyamide 6 (PA6) nanocomposites, acid-treated MWCNT was ef-
fectively dispersed in the PA6 matrix, because the functional groups
on the surface of modified MWCNT probably have reacted with PA6
in melt-mixing process, resulting in better dispersion state and
stronger interfacial adhesion. This result can be considered as the
evidence for efficient load transfer between the PEN matrix and the
m-CNT during the tensile testing.
3.5. Mechanical properties

The mechanical properties of pure PEN, the PEN/p-CNT, and the
PEN/m-CNT nanocomposites are shown in Fig. 13. The in-
corporation of a very small quantity of CNT significantly improved
Fig. 13. Mechanical properties of PEN nanocomposites containing (a) 0.1 and (b)
0.5 wt% of CNT content.
the mechanical properties of PEN nanocomposites due to the
nanoreinforcing effect of CNT with high aspect ratio. In comparison
with pure PEN, the PEN nanocomposites exhibited higher tensile
strength and tensile modulus, and this enhancing effect was more
pronounced in the case of the PEN/m-CNT nanocomposites. On the
incorporation of 0.5 wt% of the m-CNT, the tensile strength of the
PEN/m-CNT nanocomposites was significantly improved by 32%
from 66.3 to 87.8 MPa, and the tensile modulus was improved by
18% from 1.68 to 1.98 GPa, relative to PEN matrix. The enhancement
of the mechanical properties of the PEN/m-CNT nanocomposites
was attributed to the better interfacial bonding between the m-CNT
and the PEN matrix as well as the better dispersion of the m-CNT in
the PEN matrix. The incorporation of the m-CNT containing C–C
bond defects and –COOH groups into the PEN matrix resulted in the
good interfacial adhesion between the m-CNT and the PEN matrix,
suggesting that the functional groups formed on the surfaces of the
m-CNT were helpful for improving the interfacial interaction with
C]O groups in the PEN matrix, thus being favorable to more ef-
fective load transfer from the polymer matrix to the nanotubes.
Therefore, the enhancement of the homogeneous dispersion and
the interfacial adhesion in the PEN/m-CNT nanocomposites,
resulting from strong interactions between the m-CNT and the PEN
chains, can lead to the significant improvement in the overall me-
chanical properties of the PEN/m-CNT nanocomposites. As shown
in Table 2, the elongation at break for the PEN nanocomposites was
decreased with the introduction of p-CNT and m-CNT, indicating
that the PEN nanocomposites became somewhat brittle as com-
pared to pure PEN because of the increased stiffness of the PEN
nanocomposites and the micro-voids formed around the nanotubes
during the tensile testing. However, PEN/m-CNT nanocomposites
exhibited higher value of the elongation at break than that of PEN/
p-CNT, which was attributed to the enhancement of the homoge-
neous dispersion of m-CNT and the interfacial interactions between
m-CNT and PEN matrix. Similar observation has been reported that
modified CNT-filled PA6 nanocomposites had higher tensile
strength and elongation at break than unmodified CNT-filled PA6
nanocomposites due to high dispersion state and strong interfacial
adhesion and that the incorporation of acid-treated CNT also re-
stricted the motion of PA6 chains physically or chemically, thus the
elongation at break of modified CNT/PA6 nanocomposites was less
than that of pure PA6 [82].

For characterizing the effect of the CNT on the mechanical
properties of the PEN nanocomposites, it is also instructive to
compare the experimental results with the values predicted from
the theoretical models. It is known that the modified Halpin–Tsai
equation has been used to predict the modulus of the CNT-filled
polymer nanocomposites [83,84]. Assuming the random oriented
discontinuous distribution of the m-CNT in the PEN matrix,
the modified Halpin–Tsai equation can be expressed as follows
[83–86]:

EC ¼
��

3
8

��
1þ 2ðlCNT=dCNTÞhLVCNT

1� hLVCNT

�

þ
�

5
8

��
1þ 2hTVCNT

1� hTVCNT

��
EPEN where hL

¼ ðECNT=EPENÞ � 1
ðECNT=EPENÞ þ 2ðlCNT=dCNTÞ

hT ¼
ðECNT=EPENÞ � 1
ðECNT=EPENÞ þ 2

ð2Þ
Table 2
The mechanical properties of the PEN nanocomposites

Materials Tensile strength
(MPa)

Tensile modulus
(GPa)

Elongation at
break (%)

PEN 66.3� 4.8 1.68� 0.032 253.2� 24
PEN/p-CNT 0.5 84.9� 3.6 1.87� 0.025 126.4� 20
PEN/m-CNT 0.5 87.8� 3.4 1.98� 0.021 145.8� 21
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where EC, EPEN, and ECNT are the tensile modulus of the nano-
composites, the PEN, and the CNT, respectively; lCNT/dCNT is the ratio
of length to diameter for the CNT, and VCNT is the volume fraction of
the CNT in the nanocomposites. To fit Eq. (2) to the experimental
results for the PEN nanocomposites, the weight fraction was
transformed to the volume fraction, taking the densities of the PEN
(1.407 g/cm3) [87] and the perfectly graphitized CNT (2.16 g/cm3)
[83,84]. The theoretical values of the nanocomposite modulus can
be estimated assuming the aspect ratio of w1000 and ECNT of
w450 GPa. The ECNT values used in this study represent a mid-
range value in the modulus ranges of the CNT previously measured
[88].

The tensile strength of the PEN/m-CNT nanocomposites can be
estimated from the following equation [89]:

sC ¼ sCNTVCNT þ sPENVPEN (3)

where sC, sCNT, and sPEN are the tensile strength of the nano-
composites, the CNT, and the PEN, respectively. The theoretical
values of the nanocomposite strength can be estimated based on
the sCNT value that is w11 GPa based on previous literature [90].

The theoretically predicted values and the experimental data for
the modulus and the strength of the PEN/m-CNT nanocomposites
are compared in Fig. 14. The experimental results for the mechan-
ical properties of the PEN nanocomposites were lower than those of
Fig. 14. Theoretically predicted values and the experimental results for (a) the com-
posite modulus and (b) the composite strength of the PEN/m-CNT nanocomposites
(dotted lines represent the theoretically predicted values).
theoretically predicted values. At lower m-CNT content, the PEN/m-
CNT nanocomposites exhibited higher values than those of theo-
retically predicted values. This result suggested that the interfacial
interaction was more effective in the enhancement of the me-
chanical properties of the PEN nanocomposites at 0.1 wt% of CNT
content than at 0.5 wt% of CNT content. Similar effect has been also
observed in the MWCNT grafted polyhedral oligomeric silsequiox-
ane (MWCNT-g-POSS) and poly(L-lactide) (PLLA) nanocomposite
systems [22] in that for MWCNT-g-POSS/PLLA nanocomposites, the
interfacial interactions were more effective in strengthening the
nanocomposites at low MWCNT-g-POSS loading than at high
MWCNT-g-POSS loading. Therefore, the synergistic effect of the
combined strong interfacial interaction and homogenous disper-
sion was more effective at lower CNT content for improving the
mechanical properties of the PEN nanocomposites. In summary,
the introduction of the m-CNT into the PEN matrix resulted in the
improvement in the interfacial adhesion between the m-CNT and
the PEN as well as the good dispersion of the m-CNT, thereby en-
hancing significantly the overall mechanical properties of the PEN/
m-CNT nanocomposites.

4. Conclusions

Aromatic polyester nanocomposites based on the PEN and the
CNT for improving the dispersion and the interfacial adhesion were
prepared by a direct melt blending in a twin-screw extruder. The
chemical modification of the CNT appeared to facilitate the dis-
persion state of the CNT in the PEN matrix and the interfacial ad-
hesion between them. The activation energy for thermal
decomposition of the PEN nanocomposites reflected that the in-
corporation of very small quantity of the CNT into the PEN matrix
enhanced the thermal stability of the PEN nanocomposites and this
enhancing effect was more pronounced in the case of the PEN/
modified CNT (m-CNT) nanocomposite. The morphological obser-
vation demonstrated that uniform dispersion of the m-CNT and
strong interfacial adhesion or intimate contact between the nano-
tubes and the polymer matrix can lead to the efficient load transfer
from the PEN matrix to the nanotubes, resulting in significant en-
hancement of the mechanical properties of the PEN/m-CNT nano-
composite even with the introduction of very small quantity of the
m-CNT. For the CNT-reinforced PEN nanocomposites, strong in-
terfacial adhesion and uniform dispersion are more crucial factors
for improving the physical properties of the nanocomposites.
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