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ABSTRACT: Polyester nanocomposites based on poly(bu-
tylene terephthalate) (PBT) and carbon nanotube (CNT)
were prepared by simple melt blending using a twin-screw
extruder. There is significant dependence of the thermal,
rheological, and mechanical properties of the PBT nanocom-
posites on the concentration and dispersion state of CNT.
The storage and loss moduli of the PBT nanocomposites
increased with increasing frequency, and this enhancing
effect was more pronounced at lower frequency region. The
nonterminal behavior for the PBT nanocomposites was
attributed to the nanotube–nanotube or polymer–nanotube
interactions, and the dominant nanotube–nanotube interac-
tions at high CNT content resulted in the formation of the
interconnected network-like structures of CNT in the PBT

nanocomposites. The incorporation of a small quantity of
CNT into the PBT matrix can substantially improve the me-
chanical properties, the heat distortion temperature, and the
thermal stability of the PBT nanocomposites. The unique
character of CNT dispersed in the PBT matrix resulted in
the physical barrier effect against the thermal decomposi-
tion, leading to the improvement in the thermal stability of
the PBT nanocomposites. This study also provides a design
guide of CNT-reinforced PBT nanocomposites with a great
potential for industrial uses. VVC 2009 Wiley Periodicals, Inc.
J Appl Polym Sci 112: 2589–2600, 2009
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INTRODUCTION

During the rapid advancement in the materials sci-
ence and technology, much research has extensively
undertaken on high-performance polymer compo-
sites for targeted applications in numerous industrial
fields. Furthermore, a great number of efforts have
been made to develop high-performance polymer
nanocomposites with the benefit of nanotechnol-
ogy.1–3 These attempts include studies of polymer
composites with the introduction of nanoscaled rein-
forcing fillers into the polymer matrix.1–5 Polymer
nanocomposites, which is a new class of polymeric
materials based on the reinforcement of polymers
using nanofillers, have attracted a great deal of inter-
est in fields ranging from basic science to the indus-
trial applications because it is possible to remarkably
improve the physical properties of composite materi-
als at lower filler loading.1 Thus, the fabrication of
polymer nanocomposites reinforced with various

nanofillers is believed to a key technology on
advanced composites for next generation.
Carbon nanotube (CNT) has attracted considerable

attentions as novel nanoreinforcements in new kinds
of polymer nanocomposites because of the combina-
tion of its unique extraordinary properties with high
aspect ratio and small size.6 In particular, excellent
mechanical strength, thermal conductivity, and elec-
trical properties of CNT have created a high level of
activity in materials research and development for
potential applications such as fuel cell, hydrogen
storage, field emission display, chemical or bio-
logical sensor, and advanced polymer nanocompo-
sites.7–14 This feature has motivated a number of
attempts to fabricate CNT/polymer nanocomposites
in the development of high-performance composite
materials.15–22 In this regard, much research and
development have been performed to date for
achieving the practical realization of excellent prop-
erties of CNT for advanced polymer nanocomposites
in a broad range of industrial applications. However,
because of high cost and limited availability, only a
few practical applications in industrial fields such as
electronic and electric appliances have been realized
to date.
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Poly(butylene terephthalate) (PBT) is a semicrys-
talline polymer with good mechanical properties
and excellent processability, and it has been widely
used as structural materials in the automotive, elec-
trical, and electronic industries.23–25 Recently, there
are continuing practical demands for realizing
higher performance of PBT with various processing
conditions and thus making it possible to be utilized
in various advanced industries. For these reasons,
much research has been performed to date to extend
and develop commercial applications of PBT as high-
performance polymer nanocomposites using various
nanoreinforcing fillers as well as to displace PBT.26–28

Although promising, however, insufficient mechani-
cal properties and thermal stability of the PBT com-
posites have often hindered its potential application
in a broad range of industrial fields.

From both an economic and industrial perspective,
the major challenges for high-performance polymer
nanocomposites are to fabricate polymer nanocom-
posites with low costs and to facilitate large scale-up
for commercial applications. Currently, four process-
ing techniques are in common use to incorporate
CNT into the polymer matrix for fabricating CNT/
polymer nanocomposites15–20,29–34: direct mixing,
solution method, in situ polymerization, and melt
blending. Of these processing techniques, a melt
blending has been accepted as the simplest and the
most effective method, particularly from a commercial
perspective, because this process makes it possible to
fabricate high-performance polymer nanocomposites
at low process cost and facilitates commercial scale-
up.15–20,35–40 Furthermore, the combination of a small
quantity of expensive CNT with conventional cheap
thermoplastic polymers provides attractive possibil-
ities for enhancing the physical properties of polymer
nanocomposites using a cost-effective method.

In this study, the PBT nanocomposites reinforced
with a small quantity of CNT were prepared by
simple melt blending using a twin-screw extruder
to create high-performance polymer nanocompo-
sites with low process cost for practically possible
application in a broad range of industry. The result-
ant nanocomposites were characterized by means
of advanced rheometric expansion system (ARES)
rheometer, dynamic mechanical thermal analysis
(DMTA), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), differential
scanning calorimetry (DSC), and thermogravimetric
analysis (TGA) to clarify the effects of CNT on the
physical properties of the PBT nanocomposites. We
expect that this study will help in the preliminary
understanding of the fabrication and enhanced
properties of the PBT nanocomposites reinforced
with a small quantity of CNT. In addition, our
study suggests a simple and cost-effective method
that will facilitate the industrial realization of CNT-

filled PBT nanocomposites with enhanced physical
properties.

EXPERIMENTAL

Materials

PBT was used as the thermoplastic polymer with an
intrinsic viscosity of 1.1 dL/g and a melt-flow index
of 20 g/min, supplied by Samyang Corp., Korea.
The nanotubes used were multiwalled CNT (degree
of purity > 95%) synthesized by a thermal chemical
vapor deposition process, purchased from Iljin
Nanotech, Korea. According to the supplier, their
length and diameter were 10–30 nm and 10–50 lm,
respectively, indicating that their aspect ratio reaches
1000.

Preparation of nanocomposites

All materials were dried at 120�C in vacuo for at least
24 h before use to minimize the effects of moisture.
The PBT nanocomposites were prepared by a melt-
blending process in a Haake Rheometer (Haake
Technik GmbH, Germany) equipped with the inter-
meshing corotating type of a twin-screw. The tem-
peratures of the heating zone, from the hopper to
the die, were set to 250, 260, 265, and 255�C, and the
screw speed was fixed at 45 rpm. Before melt blend-
ing, PBT and CNT were physically premixed before
being fed in the hopper of a twin-screw extruder to
achieve better dispersion of CNT with the PBT ma-
trix. For the fabrication of the PBT nanocomposites,
PBT was melt-blended with the addition of CNT
content, specified as 0.5, 1.0, and 2.0 wt % in the
polymer matrix. Upon completion of melt blending,
the extruded strands were cooled in the water bath
and then cut into pellets using a rate-controlled
pelletizer.

Characterizations

DMTA of the PBT nanocomposites was performed
with a TA Instrument Q-800 DMTA using a tensile
mode at a fixed frequency of 1 Hz, over the temper-
ature range of 30–200�C at a heating rate of 5�C/
min. The rheological properties of the PBT nanocom-
posites were performed on an ARES rheometer
(Rheometric Scientific) in oscillation mode with the
parallel-plate geometry using the plate diameter of
25 mm and the plate gap setting of � 1 mm at
265�C, by applying a time-dependent strain, c(t) ¼
c0sin(xt) and measuring resultant shear stress, c(t) ¼
c0[G0sin(xt) þ G00cos(xt)], where G0 and G00 are stor-
age and loss moduli, respectively. The frequency
ranges varied between 0.05 and 450 rad/s, and the
strain amplitude was applied to be within the linear
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viscoelastic ranges. The morphology of the PBT
nanocomposites was observed using a JEOL 2000-FX
TEM imaging microtomed ultrathin slices of the PBT
nanocomposite films with an accelerating voltage of
120 kV. SEM experiments were conducted using a
JEOL JSM-6340F SEM with an accelerating voltage of
15 kV. The samples used for SEM observation were
gold-coated in vacuo using ion sputtering before
scanning to prevent charging in the electron beam.
The mechanical properties of the PBT nanocompo-
sites were measured at room temperature using an
UTM 10E (United Calibration) according to the pro-
cedures in the ASTM D 638 and D 790 standards,
respectively. The testing samples were prepared at
265�C with a Minimax laboratory molder CS-183 IM
(CSI). At least five measurements were performed
for each sample, and the results were averaged to
obtain a mean value. The heat distortion tempera-
ture (HDT) of the PBT nanocomposites was mea-
sured under load (1.8 MPa) according to the
procedures in the ASTM D 648 standard, and the
HDT values represented the averages over at least
five measurements. Thermal behavior of the PBT
nanocomposites was measured with a TA Instru-
ment 2010 DSC over the temperature range of 30–
280�C at a scanning rate of 10�C/min under N2

atmosphere. Samples with a typical mass of 6.5 �
0.5 mg were encapsulated in sealed aluminum pans.
Samples were first heated to 280�C at a heating rate
of 10�C/min, maintained at that temperature for
8 min to eliminate any previous thermal history,
and then cooled to room temperature at a cooling
rate of 10�C/min. The wide-angle X-ray diffraction
(WAXD) analysis was performed with a Rigaku
Denki X-ray diffractometer using Ni-filtered Cu Ka
X-rays (k ¼ 0.1542 nm), and the diffracting inten-
sities were recorded at steps of every 2y ¼ 0.05�

over the rage of 5� < 2y < 45�. TGA of the PBT
nanocomposites was performed with a TA Instru-
ment SDF-2960 TGA over the temperature range of
30–800�C at a heating rate of 10�C/min under N2

atmosphere.

RESULTS AND DISCUSSION

Rheological properties

The complex viscosity (|g*|) of the PBT nanocom-
posites as a function of frequency is shown in Fig-
ure 1. The |g*| values of pure PBT and the PBT
nanocomposites were decreased with increasing fre-
quency, indicating a non-Newtonian behavior over
the frequency range measured. The shear thinning
behavior observed in the PBT nanocomposites was
attributed to random orientation and entangled
molecular chains in the polymer nanocomposites
during the applied shear force. The effect of CNT on

the complex viscosity of the PBT nanocomposites
was more significant at low frequency than at high
frequency, and this enhancing effect was decreased
with increasing frequency because of the strong
shear thinning behavior of the PBT nanocomposites
induced by CNT. As shown in Figure 1(b), the PBT
nanocomposites exhibited higher |g*|, particularly
at low frequency when compared with pure PBT,
indicating the formation of interconnected or net-
work-like structures as a result of particle–particle
and particle–polymer interactions.41 The PBT nano-
composites exhibited shear thinning behavior, result-
ing from the breakdown of these structures with
increasing frequency. The increase in the |g*| of the
PBT nanocomposites was closely related to the
increase in the storage modulus, which will be ela-
borated in the following section.
To understand the effect of CNT on the rheologi-

cal behavior of the PBT nanocomposites, it is very
instructive to characterize the variations of the shear
thing exponent for the PBT nanocomposites.42 In the

Figure 1 (a) Complex viscosity of the PBT nanocompo-
sites as a function of frequency and (b) the variations of
complex viscosity of the PBT nanocomposites with CNT
content at different frequencies.
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case of an ideal Newtonian fluid, the shear thinning
exponent approaches or equals 0, and the viscosity
is independent of the frequency, thereby exhibiting
terminal flow behavior, whereas for the polymer
nanocomposites, as the shearing thinning behavior
develops, the shearing thinning exponent increases
with increasing filler concentration.42–45 The shear
thinning exponent of the PBT nanocomposites can
be obtained from the slope of the plot of |g*| ver-
sus x. As shown in Table I, the shear thinning expo-
nent of the PBT nanocomposites slightly decreased
with the introduction of CNT, and this effect was
more pronounced at high CNT content, indicating
the significant dependence of the shear thinning
behavior of the PBT nanocomposite on CNT content.

The storage modulus (G0) and loss modulus (G00)
of the PBT nanocomposites as a function of fre-
quency are shown in Figure 2. The values of G0 and
G00 for the PBT nanocomposites increased with
increasing frequency, and this enhancing effect was
more pronounced at low frequency. This rheological
response is similar to the relaxation behavior of the
typical filled-polymer composite systems.42–45 If
polymer chains are fully relaxed and exhibit a char-
acteristic homopolymer-like terminal behavior, the
flow curves of polymers can be expressed by a
power law of G0 ! x2 and G00 ! x.46 Krishnamoorti
and Giannelis45 reported that the slopes of G0 and
G00 for polymer/layered silicate nanocomposites
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 PBT nanocomposites are shown in Table I.
This result indicated the nonterminal behavior with
the power-law dependence for G0 and G00 of the PBT
nanocomposites. Similar nonterminal low-frequency
rheological behavior has been observed in the
ordered block copolymers and the smectic liquid-
crystalline small molecules.47,48 The decrease in the
slopes of G0 and G00 for the PBT nanocomposites
with increasing CNT content was explained by the
fact that the nanotube–nanotube or the polymer–
nanotube interactions can lead to the formation of
the interconnected or network-like structures, result-

ing in the pseudo solid-like behavior of the PBT
nanocomposites. As shown in Figure 2, the extent of
the increase in G0 of the PBT nanocomposites was
higher than that of G00 over the frequency range
measured, and the values of G0 and G00 of the PBT
nanocomposites were higher than those of pure PBT,
particularly at low frequency. This result demon-
strated that the interconnected or network-like struc-
tures were formed in the PBT nanocomposites via
nanotube–nanotube or polymer–nanotube interac-
tions in the presence of CNT, resulting in more elas-
ticity of the PBT nanocomposites than pure PBT. As
the applied frequency increased, the interconnected
or network-like structures were broken down
because of the high levels of shear force, and the
PBT nanocomposites exhibited almost similar or
slight higher G0 and G00 values than those of pure
PBT at high frequency.
The variations of tan d as a function of frequency

for the PBT nanocomposites are shown in Figure 3.
Shear deformation can lead to partial orientation of
the molecules in polymer chains, and tan d

TABLE I
Variations of Low-Frequency Slope of |g*|, G0, and G00

versus x of the PBT Nanocomposites

Materials
Slope of

|g*| versus x
Slope of

G0 versus x
Slope of

G00 versus x

PBT �0.1389 0.7639 0.7342
PBT/CNT 0.5 �0.1548 0.4286 0.5081
PBT/CNT 1.0 �0.3643 0.4030 0.5043
PBT/CNT 2.0 �0.7592 0.3128 0.4255

Figure 2 (a) Storage modulus (G0) and loss modulus (G00)
of the PBT nanocomposites as a function of frequency.
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decreased with increasing frequency. The maximum
of tan d of the PBT nanocomposites shifted toward
high-frequency region with increasing CNT content,
indicating the formation of densely interconnected
or network-like structures in the PBT nanocompo-
sites.16 The plots of the phase angle (d) versus the
absolute values of the complex modulus (|G*|) for
the PBT nanocomposites, which is known as the Van
Gulp-Palmen plot,49 are shown in Figure 4. It can be
seen that a significant change in the d values
occurred with the introduction of CNT. For the PBT
nanocomposites, the phase angle decreased with
decreasing the complex modulus, indicating that the
incorporation of CNT into the PBT matrix enhanced
the elastic behavior of the PBT nanocomposites. The
plots of log G0 versus log G00 for the PBT nanocom-
posites are shown in Figure 5. In general, this plot
provides a master curve with a slope of 2 for iso-

tropic and homogeneous polymer melts, irrespective
of temperature.50 However, the PBT nanocomposites
did not provide a perfect single master curve and
exhibited the shifting and the change of the slope of
the plot with the introduction of CNT. The slopes in
the terminal regime of the PBT nanocomposites
were less than 2, indicating that the PBT nanocom-
posite systems were heterogeneous and they under-
went some chain conformational changes because of
the interconnected or network-like structures via the
nanotube–nanotube or nanotube–polymer interac-
tions in the presence of CNT.41 However, over the
higher G00 values, the slopes of the PBT nanocompo-
sites increased and approached similar slope of pure
PBT, indicating that the interconnected or network-
like structures formed in the nanocomposites in the
presence of CNT were broken down by high levels
of shear force.

Dynamic mechanical properties

The dynamic mechanical properties of the PBT
nanocomposites are shown in Figure 6. There is a
significant dependence of the storage modulus (E0)
and the tan d for the PBT nanocomposites on the
temperature and the presence of CNT. As the molec-
ular motions within the polymer nanocomposites
change, the storage modulus of the polymer nano-
composites varied with the temperature. The E0 val-
ues of the PBT nanocomposites decreased rapidly,
whereas the tan d underwent a maximum when the
polymer nanocomposites were heated through the
glass transition region. The incorporation of CNT
into the PBT matrix significantly increased the E0

values of the PBT nanocomposites, which may be
attributed to the physical interactions between PBT
matrix and CNT with high aspect ratio and large

Figure 3 Variations of the tan d as a function of fre-
quency for the PBT nanocomposites.

Figure 4 Plots of the phase angle (d) versus the complex
modulus (|G*|) of the PBT nanocomposites.

Figure 5 Plots of log G0 versus log G00 for the PBT
nanocomposites.
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surface areas as well as the stiffening effect of CNT
as nanoreinforcing fillers, making it possible for
them to allow efficient load transfer in the PBT
nanocomposites. As shown in Figure 6, the tan d
peak of the PBT nanocomposites as a function of
temperature was not significantly affected in the
presence of CNT, whereas the peak height was
decreased with the introduction of CNT.

Morphology

The SEM microphotographs of CNT and the PBT
nanocomposites are shown in Figure 7. CNT exhib-
ited highly curved and randomly coiled features and
typically tends to bundle together or some agglom-
erated organization because of the intrinsic van der
Waals attractions between the individual nanotubes
in combination with high aspect ratio and large sur-
face area.51 As shown in Figure 7(b), CNTs were
randomly oriented and formed the interconnected or
network-like structures in the PBT nanocomposites.
CNT with a small size, high aspect ratio, and large
surface area are often subjected to self-agglomeration
or bundle formation at higher concentration of CNT
and thus easily form interconnected or network-like
structures in the molten polymer matrix.52 Some
CNT bundles were pulled out from the PBT matrix
and some of the nanotube bundles were individually
dispersed in the polymer matrix. As shown in Fig-
ure 8, the TEM image of the PBT nanocomposites
containing 0.5 wt % of CNT showed that the disper-
sion of the CNT was quite good. However, at high
CNT content, less uniformly dispersed and highly
entangled CNT structures could be observed in the
PBT nanocomposites. On a large scale, CNTs were
uniformly dispersed in the PBT matrix despite some
agglomerated CNT structures, and the PBT nano-

composites exhibited relatively more uniform disper-
sion of CNT in the PBT matrix particularly at lower
CNT content in comparison with the nanocompo-
sites at higher CNT content.

Figure 6 Dynamic mechanical properties of the PBT
nanocomposites as a function of temperature (solid circles
represent pure PBT and the open circles represent the
PBT/CNT 2.0 nanocomposites).

Figure 7 SEM images of (a) CNT and (b) the PBT nano-
composites containing 2.0 wt % of CNT.

Figure 8 TEM images of the PBT nanocomposites con-
taining (a) 0.5 and (b) 2.0 wt % of CNT.
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Mechanical properties

The variations of mechanical properties of the PBT
nanocomposites with CNT content are shown in Fig-
ure 9. There was a significant dependence of the
mechanical properties of the PBT nanocomposites on
CNT content. The incorporation of a small quantity
of CNT into the PBT matrix can substantially
improve the mechanical properties of the PBT nano-
composites because of the nanoreinforcing effect of
CNT with high aspect ratio and their uniform dis-
persion in the PBT matrix. In comparison with pure
PBT, the PBT nanocomposites exhibited higher ten-
sile strength and tensile modulus. For instance, on
the incorporation of the CNT, the tensile strength
and tensile modulus were significantly increased by
35.1 and 21.7%, respectively. This enhancing effect of
CNT on the tensile strength and tensile modulus of
the PBT nanocomposites was more significant at low
CNT content when compared with high CNT con-
tent. The fact that the improvement in the mechani-
cal properties of the PBT nanocomposites was not
increased at higher CNT content as expected, in
comparison with that at low CNT content, was

explained by the characteristics of CNT that tended
to bundle together because of their intrinsic van der
Waals attractions between the individual nanotubes
in combination with high aspect ratio and large sur-
face area and could lead to some agglomeration,
causing the stress concentration phenomenon and
preventing efficient load transfer to the polymer
matrix.1–3 Similar observation has been reported by
Gorga and Cohen53 that for CNT/polypropylene
(PP) nanocomposite systems, adding a low level of
CNT into the PP matrix improved the mechanical
properties of CNT/PP nanocomposites, while at
high CNT content, their mechanical properties
decreased via stress concentration by the nanotube
aggregation, and they suggested that poor adhesion
between CNT and polymer matrix as well as imper-
fection and defects in the nanotube structures
resulted in the reduced mechanical properties of
polymer nanocomposites. For achieving further
enhanced mechanical properties of the PBT nano-
composites, the improvement in the dispersion rate
of CNT and the interfacial adhesion between two
phases should be required; our current research is
also aimed at that topic through chemical modifica-
tion of CNT with various functional groups. The
elongation at break of the PBT nanocomposites
decreased with the introduction of CNT, indicating
that the PBT nanocomposites became somewhat brit-
tle when compared with pure PBT because of the
increased stiffness of the PBT nanocomposites and
the microvoid formed around the nanotubes during
the tensile testing. As shown in Figure 9(b), the flex-
ural strength and flexural modulus of the PBT nano-
composites increased with the introduction of CNT.
This enhancement of the flexural strength/modulus
was attributed to the reinforcement of the PBT ma-
trix by incorporating the dispersed CNT and the
moderate transfer of the applied stress between PBT
matrix and CNT. In addition, the enhancement of
the flexural modulus of the PBT nanocomposites
was related to the variations of the HDT values,
which will be elaborated in the following section.
For characterizing the effect of CNT content on

the mechanical properties of the PBT nanocompo-
sites, it is also instructive to compare the reinforcing
efficiency of CNT for a given concentration in the
PBT nanocomposites. The variations of the reinforc-
ing efficiency of CNT in the PBT nanocomposites are
shown in Figure 10. In this study, the reinforcing
efficiency of CNT is defined as the normalized
mechanical properties of the PBT nanocomposites
with respect to those of pure PBT. The enhancing
effect of the mechanical properties by incorporating
CNT was more significant at low CNT content than
at high content, indicating that a low CNT loading
was more effective in improving the overall mechan-
ical properties of the PBT nanocomposites. At higher

Figure 9 Variations of (a) the tensile strength and tensile
modulus and (b) the flexural strength and flexural modu-
lus of the PBT nanocomposites with CNT content.
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CNT content, CNT tends to bundle together and to
form some agglomeration because of intrinsic van
der Waals attractions between the individual nano-
tubes and lead to the stress concentration phenom-
enon, thus preventing efficient load transfer to the
polymer matrix. This result demonstrates that the
incorporation of relatively small quantity of CNT
into the PBT matrix is more effective in the enhance-
ment of the overall mechanical properties of the PBT
nanocomposites induced by high nanoreinforcing
efficiency of CNT as well as good dispersion of CNT
in the PBT matrix at lower concentration.

Heat distortion temperature

The elevated temperature property, typically esti-
mated by the HDT, plays a critical role in determin-
ing the performance of engineering plastics. The
HDT represents the upper limit of the dimensional
stability of polymers in service without significant
physical deformations under a normal load and
thermal effect, providing important information for
product design.54,55 The HDT can be influenced by
various factors such as the melt and mold tempera-
tures, the nucleating agent, and various processing
conditions, which is often related to the mechanical
behavior of polymer composites. The variations of
the HDT values for the PBT nanocomposites with
CNT content are shown in Figure 11. The HDT val-
ues of the PBT nanocomposites increased with
increasing CNT content, which may be explained by
the improvement in the modulus of the PBT nano-
composites. According to Nielsen’s prediction,56 the
variation of the HDT value was related to the behav-

ior of flexural modulus with the filler content. The
increase in the HDT values of the PBT composites
with increasing CNT content was in good agreement
with the results of the flexural modulus of the PBT
nanocomposites as shown in Figure 9(b), conforming
to the Nielsen’s prediction. The increased HDT val-
ues of the PBT composites were attributed to the
improvement of the flexural modulus with increas-
ing CNT content. In the HDT measurements, the
ability of a polymeric material to retain stiffness
with increasing temperature is important for a high
HDT value.57 As shown in Figure 6, the introduction
of CNT could make it possible for the PBT nanocom-
posites to maintain moderate modulus and high
temperature stiffness with increasing temperature,
which was also contributed to the enhancement of
the HDT values of the PBT nanocomposites. Thus,
the improvement in the HDT values of the PBT com-
posites resulted from the enhanced flexural modulus
of the PBT nanocomposites as well as the increased
ability of the PBT nanocomposites to retain high
stiffness induced by CNT.

Figure 10 Variations of the reinforcing efficiency of CNT
on the mechanical properties of the PBT nanocomposites
[reinforcing efficiency (%) ¼ (Mc – Mm)/Mm �100, where
Mc and Mm represent the mechanical properties, including
tensile strength, tensile modulus, flexural strength, and
flexural modulus, of the PBT nanocomposites and pure
PBT, respectively].

Figure 11 Variations of the heat distortion temperatures
(HDT) of the PBT nanocomposites.

TABLE II
DSC Results of the PBT Nanocomposites

with CNT Content

Materials
Tg

a

(�C)
Tm

a

(�C)
DHm

a

(J/g)
Tc

b

(�C)
DTc

(�C)

PBT 56.9 224.4 41.7 176.8 47.6
PBT/CNT 0.5 56.2 224.6 42.4 190.3 34.3
PBT/CNT 1.0 56.7 223.9 43.1 191.4 32.5
PBT/CNT 2.0 57.1 224.3 44.3 192.2 32.1

a Values obtained from the DSC heating traces at a heat-
ing rate of 10�C/min.

b Values obtained from the DSC cooling traces at a cool-
ing rate of 10�C/min.

c Degree of supercooling, DT ¼ Tm – Tc.

2596 KIM

Journal of Applied Polymer Science DOI 10.1002/app



Thermal behavior

The DSC thermograms of the PBT nanocomposites
are shown in Table II. The incorporation of CNT
into the PBT matrix has less effect on the values of
Tg and Tm of the PBT nanocomposites. The Tc values
were significantly increased with the introduction
of CNT, and this effect was more pronounced at low
CNT content. This result indicates the efficiency
of CNT as strong nucleating agents for the crystalli-
zation of PBT, suggesting the enhancement of the
crystallization of the PBT nanocomposites in the
presence of CNT. As shown in Table II, the increase
in the crystallization temperature of the PBT nano-
composites with increasing CNT content, together
with the fact that the degree of supercooling (DT)
for crystallization decreased with increasing CNT
content, suggested that the CNT could act as effec-
tive nucleating agents in the PBT matrix, resulting
in the enhancement of the PBT crystallization. Thus,
the incorporation of a small quantity of CNT into
the PBT matrix can effectively enhance the crystalli-
zation of the PBT nanocomposites through heteroge-
neous nucleation. Similar observations have been
reported for CNT-filled polymer nanocomposites,
i.e., the accelerated crystallization by the introduc-
tion of CNT through heterogeneous nucleation.15–19

WAXD analysis was conducted on the PBT nano-
composites to investigate the effect of the CNT on
the structure of the PBT nanocomposites. WAXD
patterns of the PBT nanocomposites are shown in
Figure 12. For pure PBT, strong diffraction peaks
observed at near 15.8�, 17.1�, 20.4�, 23.1�, and 25.0�,
respectively, were assigned to the (0-11), (010), (011),
(100), and (1-11) reflections, indicating the a-form of
the PBT crystals with a triclinic configuration.58 The
characteristics peaks of pure PBT were also observed

for the PBT nanocomposites, and the position of
their peaks remained almost unchanged with the
introduction of the CNT, despite some changes in
the peak intensity. This result demonstrates that the
incorporation of CNT into the PBT matrix does not
change the crystal structure of the PBT nanocompo-
sites. The crystallinity of the PBT nanocomposites
was slightly increased with the introduction of CNT,
which may be explained by the supercooling tem-
perature. In the PBT nanocomposites, CNT acts as a
strong nucleating agent in the PBT matrix, and the
crystallization temperature shifts to higher tempera-
ture, implying that the supercooling of the PBT
nanocomposites was decreased with the introduction
of CNT (Table II). When polymers crystallized with
less supercooling, it crystallized more perfectly than
with more supercooling,59 and thus, the crystallinity
of the PBT nanocomposites slightly increased with
the introduction of CNT.

Thermal stability and thermal
decomposition kinetics

Thermal stability of polymer nanocomposites plays a
critical role in determining the limit of working tem-
perature and the environmental conditions for use of
polymer nanocomposites, which is closely related to
their thermal decomposition temperatures and
decomposition rates.60 The TGA thermograms of the
PBT nanocomposites with CNT content are shown
in Figure 13(a), and their results are summarized in
Table III. TGA curve of the thermal decomposition
for pure PBT exhibited only one dominant decline of
the residual weight, indicating the random scission
of the PBT main chain as the prevailing decomposi-
tion reaction.61 The patterns of TGA curves for the
PBT nanocomposites were similar to that of PBT,
indicating that the thermal decomposition of the
PBT nanocomposites may primarily stem from PBT.
The incorporation of CNT into the PBT matrix can
increase the thermal decomposition temperatures
and the residual yields of the PBT nanocomposites,
indicating that the presence of CNT can lead to the
stabilization of the PBT matrix, resulting in the
enhanced thermal stability of the PBT nanocompo-
sites. CNT can effectively act as physical barriers to
hinder the transport of volatile decomposed prod-
ucts out of the PBT nanocomposites during thermal
decomposition. Similar observation has been
reported that CNT layers exhibited a good barrier
effect on the thermal degradation process, leading to
the retardation of the weight-loss rate of thermal
degradation products as well as the thermal insula-
tion of polymers in the nanocomposites.62

The TGA kinetic analysis was conducted on the
PBT nanocomposites to clarify the effects of CNT on
the thermal stability of the PBT nanocomposites. The

Figure 12 Wide-angle X-ray diffraction patterns of (a)
pure PBT and (b) the PBT/CNT 2.0 nanocomposites.
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thermal decomposition temperatures and decompo-
sition kinetic parameters, including the thermal
decomposition temperatures at 5 and 10% of the
weight loss (Td5 and Td10), the temperature at maxi-
mum rate of the weight loss (Tdm), the integral pro-
cedure decomposition temperature (IPDT), and the
activation energy for decomposition (Ea) are in com-
mon use to characterize the thermal stability of poly-
mer nanocomposites.63 As shown in Table III, the
thermal stability factors, including Td5, Td10, Tdm,

and IPDT, of the PBT nanocomposites were higher
than that of pure PBT and they tended to increase
with CNT content. This result indicated that the
incorporation of a small quantity of CNT into the
PBT matrix could substantially improve the thermal
stability of the PBT nanocomposites, and the thermal
volatilization of pure PBT could be retarded in the
presence of CNT during thermal decomposition.
Because the PBT molecular chains were more diffi-
cult to thermally decompose with the introduction
of CNT, the residual yields of the PBT nanocompo-
sites also slightly increased with the CNT content. In
the PBT nanocomposites, the introduced CNT to
induce protective barriers against thermal decompo-
sition for organic species retarded the thermal
decomposition of the PBT nanocomposites, which
was attributed to the physical barrier effects induced
by CNT acting as the mass and heat transfer bar-
riers.64 As a consequence, the thermal stability of the
PBT nanocomposites can be enhanced with the intro-
duction of a small quantity of CNT. Kashiwagi
et al.62 reported that CNT layers exhibited a good
barrier effect on the thermal degradation process
and could lead to the retardation of the weight-loss
rate of thermal degradation products as well as the
slow down of thermal decomposition with the intro-
duction of CNT, insulation of polymers in the poly-
mer nanocomposites, resulting in the enhanced
thermal stability of CNT/polymer nancoomposites.
TGA results demonstrate that a small quantity of
CNT is beneficial to act as the thermal decomposi-
tion-resistant nanoreinforcing fillers in the PBT
nanocomposites.
The activation energy for the thermal decomposi-

tion (Ea) of the PBT nanocomposites can be esti-
mated from the TGA thermograms by the Horowitz-
Metzger integral kinetic method65 as follows:

ln lnð1� aÞ�1
h i

¼ Eah

RT2
dm

(1)

where a is the weight loss; y is the variable auxiliary
temperature defined as y ¼ T – Tdm, and R is the
universal gas constant. The Ea values of the PBT
nanocomposites can be estimated from the slope of

TABLE III
Effect of CNT on the Thermal Stability of the PBT Nanocomposites

Materials T5
a (�C) T10

a (�C) Tdm
b (�C) A K IPDTc (�C) WR

d (%)

PBT 371.3 378.2 400.9 0.5222 1.1253 481.0 5.82
PBT/CNT 0.5 372.9 380.2 402.8 0.5336 1.1465 499.8 6.81
PBT/CNT 1.0 373.9 381.1 404.4 0.5372 1.1575 507.5 7.32
PBT/CNT 2.0 374.8 382.7 407.5 0.5448 1.1847 529.9 8.51

a The decomposition temperatures at the weight-loss of 5 and 10%, respectively.
b The decomposition temperature at the maximum rate of the weight loss.
c The integral procedure decomposition temperature, IPDT ¼ AK(T1 – T1) þ T1 (where A is the area ratio of total experi-

mental curve divided by total TGA thermograms; K is the coefficient of A; T1 is the initial experimental).

Figure 13 (a) TGA thermograms of the PBT nanocompo-
sites and (b) the plots of ln[ln(1-a)�1] versus y as shown
for the PBT nanocomposites.
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the plot of ln[ln(1-a)�1] versus as shown in Figure
13(b). The Ea values of the PBT nanocomposites
were 295.0, 297.5, and 306.2 kJ/mol, respectively.
Compared with pure PBT (Ea ¼ 283.8 kJ/mol), the
higher Ea values of the PBT nanocomposites were
more thermally stable than pure PBT. This result
indicated that the presence of CNT in the nanocom-
posites increased the activation energy for thermal
decomposition of the PBT matrix. The introduction
of CNT, effectively acting as physical barriers or
protective layers against the thermal decomposition,
could lead to the enhanced thermal stability of CNT-
filled polymer nanocomposites. For the PBT nano-
composites, the Horowitz-Metzger analysis demon-
strates that the incorporation of CNT into the PBT
matrix could increase the Ea values of the PBT nano-
composites, which was related to the enhancement
of the thermal stability of the PBT nanocomposites.
In addition, it can be deduced that the Ea values of
the PBT nanocomposites exhibited a good reliance
on describing the thermal decomposition kinetics of
the PBT nanocomposites, which was confirmed by
the fact that the values of the correlation coefficient
(r2) were greater than 0.99.

The morphology of the residues of the PBT/CNT
2.0 nanocomposites after thermal decomposition is
shown in Figure 14. The PBT nanocomposites exhib-
ited the dispersed structure of CNT in the PBT
matrix kept after thermal decomposition, despite
some collapse or loss of their form. This feature may
also contribute to the enhancement of the thermal
stability of the PBT nanocomposites. This enhancing
effect of CNT resulted from high thermal resistance
of CNT to increase the energy required for thermal
decomposition as well as physical barrier effect
against thermal decomposition.64

CONCLUSIONS

Polyester nanocomposites based on PBT and a small
quantity of CNT for improving the physical proper-
ties of polymer nanocomposites were prepared by
simple melt blending in a twin-screw extruder.
There is significant dependence of the rheological,
thermal, and mechanical properties of the PBT nano-
composites on CNT content. The nonterminal behav-
ior of the PBT nanocomposites was caused by
nanotube–nanotube or polymer–nanotube interac-
tions, and the dominant nanotube–nanotube interac-
tions at high CNT content resulted in the formation
of the interconnected or network-like structures of
CNT. The presence of a small quantity of CNT can
effectively act as good nucleating agent in the PBT
nanocomposites, resulting in the enhancement of the
PBT crystallization through heterogeneous nuclea-
tion. The mechanical properties of the PBT nanocom-
posites were significantly improved with the
introduction of CNT, and this enhancing effect was
more pronounced at lower CNT content, resulting
from the nanoreinforcing effect of CNT with high
aspect ratio and large surface areas to allow the
efficient load transfer from the polymer matrix to
the nanotube. The HDT of the PBT composites
increased with CNT content, which was related to
the enhanced flexural modulus of the PBT nanocom-
posites as well as the increased capability of the PBT
nanocomposites to retain high stiffness induced by
CNT. The Horowitz-Metzger analysis demonstrated
that the incorporation of CNT into the PBT matrix
could increase the activation energy for thermal
decomposition and lead to the enhancement of the
thermal stability of the PBT nanocomposites, result-
ing from physical barrier effects of CNT against
thermal decomposition.
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