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ABSTRACT: Thermotropic liquid crystalline polymer
(TLCP) nanocomposites reinforced with carboxylated
multiwall carbon nanotube (c-MWCNT) were prepared
through melt compounding in a twin screw extruder. The
thermal stability of TLCP/c-MWCNT nanocomposites
increased with even a small amount of c-MWCNT added.
The rheological properties of the TLCP/c-MWCNT nano-
composites were depended on the c-MWCNT contents.
The contents of c-MWCNT have a slight effect on the com-
plex viscosity of TLCP/c-MWCNT nanocomposites due to
the high-shear thinning of TLCP. The storage modulus of
TLCP/c-MWCNT nanocomposites was increased with
increasing c-MWCNT content. This result can be deduced

that the nanotube–nanotube interactions were more domi-
nant, and some interconnected or network-like structures
were formed in the TLCP/c-MWCNT nanocomposites.
Incorporation of very small amount of c-MWCNT
improved the mechanical properties of TLCP/c-MWCNT
nanocomposites, and this was attributed to the reinforce-
ment effect of c-MWCNT with high aspect ratio and their
uniform dispersion through acid treatment in the TLCP
matrix. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 109:
388–396, 2008
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INTRODUCTION

Polymer nanocomposites have attracted considerable
interest in the polymer materials industry because of
their outstanding properties such as excellent electri-
cal and mechanical properties. In the recent years,
various attempts have been made to develop high-
performance polymer nanocomposites, using the
benefits of nanoscience and nanotechnology, includ-
ing the introduction of nanoscaled reinforcements
into polymer matrix. Because the discovery of car-
bon nanotubes (CNT) by Iijima1 in 1991, CNT has
been considered as an ideal reinforcement to fabri-
cate high-performance polymer nanocomposites
because of its excellent physical properties, such as
extremely high mechanical strength, electrical, and
thermal conductivity.2–6

Uniform dispersion of CNTs in the polymer
matrix and strong interfacial interaction, leading to
efficient load transfer from polymer matrix to the

CNTs, are the key factor to produce high-perform-
ance polymer/CNT nanocomposites.7 In general,
chemical functionalization of CNT has accepted as
an effective method for uniform dispersion of CNT
in the polymer matrix and for improving the inter-
facial adhesion between CNT and polymer matrix
by reducing agglomeration of CNT and improve-
ment in compatibility.8–10 There are two methods to
functionalize the surface of CNT; the one is attach-
ment of molecules through the noncovalent bond;
the other is attachment of functional groups to the
walls of CNT through the covalent bond. The attach-
ment of functional group to the wall of CNT through
the covalent bond can be occurred by concentrated
acid or their mixture, forming carboxylic acid group
on the surface of CNT. In addition, the presence of
carboxylic acid groups on the surface of CNT can
offer various chemical reactions.11

The polymer matrix used in this study to fabricate
high-performance polymer/CNT nanocomposites
was thermotropic liquid crystalline polymer (TLCP).
TLCPs have been considered as high-performance
engineering plastics because of their high mechanical
properties, excellent dimensional stability, and good
processability.12–15 Up to now, various kinds of
thermoplastic materials have studied to fabricate
polymer/CNT nanocomposites by melt-compound-
ing process.16–23 However, there are little attempts to
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improve dispersion of CNT in the engineering plas-
tic such as TLCP and to fabricate the TLCP/CNT
nanocomposites by melt compounding. In addition,
the study on TLCP/CNT nanocomposites has not
yet been reported in the literature.

In this research, the TLCP nanocomposites rein-
forced with CNT were prepared by melt compound-
ing at various CNT contents. The carboxylated mul-
tiwall carbon nanotube (c-MWCNT) treated with
mixture of sulfuric acid and nitric acid was used to
improve the dispersion of CNTs in the TLCP matrix
and the interfacial adhesion between CNT and TLCP
matrix. In addition, the amount of c-MWCNT incor-
porated into the TLCP was lowered to 0.01–0.2 wt %
to obtain uniform and homogeneous dispersion of
c-MWCNT in the TLCP matrix. The effects of surface
modified c-MWCNT have been investigated in terms
of the thermal, rheological, and mechanical proper-
ties of TLCP/c-MWCNT nanocomposites.

EXPERIMENTAL

Materials and preparation of composites

The TLCP used in this research was Zenite 6000
(Dupont), which is wholly aromatic polyester.24 The
CNT used as a nanoreinforcement is MWCNT
(purity > 95%) synthesized from a thermal chemical
vapor deposition process, purchased from Iljin
Nanotech, Korea. The MWCNT has the diameter of
10–40 nm, and their aspect ratio is � 1000. All mate-
rials were dried at 1208C in vacuo for at least 24 h,
before use to eliminate the effect of moisture. The
carboxylated MWCNT (c-MWCNT) was prepared
according to conventional method by following pro-
cess: the MWCNT was treated with a mixture of
concentrated H2SO4 and HNO3 in a ratio 3 : 1 at
708C for 2 h, and the mixture was sonicated for 1 h
at sonication bath. Then the mixture was washed
with distilled water and filtered through a mem-
brane filter made of poly(tetra-fluoroethylene) until
residual acid was not shown. The TLCP/c-MWCNT
nanocomposites were prepared by melt compound-
ing in a Haake rheometer (Gebr. Haake GmbH,
Germany) equipped with a twin screw. The temper-
atures of heating zone, from the hopper to the die,
were set to 320, 350, 360, and 3608C, and the screw
speed was fixed at 25 rpm. For fabrication of TLCP/
c-MWCNT nanocomposites, the c-MWCNT contents
were 0.01, 0.05, 0.l, and 0.2 wt % in the TLCP matrix.
The specimens for mechanical test were prepared by
55-ton vertical injection molding machine (Wonil
Hydraulic, Korea).

Characterization

The c-MWCNT was characterized using Raman spec-
trometer (NRS-3100, Jasco, Japan) and Fourier trans-

form infrared spectrometer (Magna-IR. 760 ESP,
Nicolet). Thermogravimetric analysis (TGA) of TLCP/
c-MWCNT nanocomposites was performed with a
TA Instrument SDT-2960 TGA under nitrogen over
the temperature range of 30–9008C at a heating rate
of 108C/min. Differential scanning calorimetry
(DSC) analysis of TLCP/c-MWCNT nanocomposites
was carried out using a PerkinElmer DSC 7 over the
temperature range of 30–3508C at a scan rate of
108C/min. The mechanical properties of nanocompo-
sites were investigated at room temperature using
an Instron 4465 and 3367 testing machine according
to the procedures in the ASTM D 638 and ASTM D
790 standard, respectively. The values of the me-
chanical properties used in this research represented
the average over at least five individual measure-
ments. Heat deflection temperature (HDT) of TLCP/
c-MWCNT nanocomposites was measured under
load of 1.8 MPa according to the ASTM D 648 stand-
ard. The morphology of the fractured surfaces of
TLCP/c-MWCNT nanocomposites was observed
using a field emission (FE-SEM, JEOL, JSM-6330F).
The rheological properties of the melt state of the
TLCP/c-MWCNT nanocomposites were measured at
3508C with an advanced rheometric expansion sys-
tem (ARES, Rheometric Scientific). The dynamic
shear measurements were performed in oscillation
mode, and parallel plate geometry with a diameter
of 25 mm was used. The plate gap was 1 mm, and
frequency sweep measurements were conducted
over the angular frequency range of 0.05–500 rad/s
within linear viscoelastic range.

RESULTS AND DISCUSSION

Confirmation of surface treatment

To confirm the surface treatment of the MWCNT,
the Raman and FTIR were used. The Raman spectra
of the MWCNT and c-MWCNT are shown in Figure
1. The Raman spectra of the MWCNT and c-
MWCNT exhibited two characteristic peaks around
1350 and 1585 cm21. The peak near 1350 cm21 (D
band) is attributed the disordered carbon atom, and
the peak observed at near 1585 cm21 (G band)
reflects the structural intensity of the sp2-hybridized
carbon atoms, corresponding to the graphite E2g

vibrational modes, respectively.25–27 The Raman
spectra curve of MWCNT before and after acid treat-
ment exhibited the same pattern, and the ratios of
ID/IG of c-MWCNT are almost same to those of pris-
tine MWCNT. This implies that the bonding struc-
ture of the walls of the CNT was not damaged by
this acid treatment. The FTIR spectra of the MWCNT
and c-MWCNT are shown in Figure 2. The peaks
observed at � 1630 and 1570 cm21 in curve of the
MWCNT and c-MWCNT were corresponded to the
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C¼¼C stretching vibrations of CNT, which was
caused by inherent structure of CNT. The peaks
observed at � 1720 and 1220 cm21 were corre-
sponded to the C¼¼O and C��O stretching vibrations
of the carboxylic acid groups, respectively, indicating
that the carboxylic groups were attached on the sur-
face of the c-MWCNT through the acid treatment of
the MWCNT.28

Thermal properties

Thermal behaviors of TLCP/c-MWCNT nanocompo-
sites investigated by DSC are shown in Table I. The
glass transition temperatures (Tg) of TLCP and
TLCP/c-MWCNT were not observed. In addition,
incorporation of small amount of c-MWCNT into
TLCP matrix had little effect on the melting tempera-
ture (Tm) and crystallization temperature (Tc) of the
TLCP/c-MWCNT nanocomposites, and the degree
of supercooling was not changed as c-MWCNT is

incorporated into the TLCP. Many researches21–23,29–31

have reported that MWCNT enhanced the nucleation
of crystallization for polymer/MWCNT nanocompo-
sites. However, c-MWCNT could not effectively act
as nucleating agents in the TLCP/c-MWCNT nano-
composites. In general, crystallization of the TLCP is
considerably different from that of other conven-
tional polymers.24 The molecules of TLCP are rigid
compared with conventional polymer, which implies
that larger translations of TLCP molecules are
required for recrystallization.12,32,33 In addition, crys-
tallization of TLCP occurs so rapidly on cooling that
the process of quenching from nematic liquid crys-
talline to glassy state results in some crystalliza-
tion.34 Therefore, it is suggested that small amount
of c-MWCNT could not effectively act as nucleating
agent because of these properties for crystallization
of TLCP. And also, it could be explained that c-
MWCNT may be not nucleating material to enhance
the nucleation of crystallization of TLCP in this
TLCP/c-MWCNT nanocomposites.

The parameters to evaluate thermal stability of the
TLCP/c-MWCNT nanocomposites from the TGA
thermogram are shown in Table II. The thermal
decomposition temperature at the maximum rate
(Tdm), residual yield (WR) and integral procedural
decomposition temperature (IPDT) were evaluated
to determine thermal stability of TLCP/c-MWCNT
nanocomposites. The schematic TGA thermogram
for determining the IPDT of polymer nanocompo-
sites based on the Doyle’s proposition35 is shown
in Figure 3,36 and then the IPDT is calculated as
follows:

IPDT ð�CÞ ¼ A�K� ðTf � TiÞ þ Ti (1)

A� ¼ A1 þ A2

A1 þ A2 þ A3
and K� ¼ A1 þ A2

A1

where, A* is area ratio of the total experimental
curve divided by the total TGA thermogram; K* is

Figure 2 FTIR spectra of (a) pristine MWCNT and (b)
c-MWCNT.

Figure 1 Raman spectra of (a) pristine MWCNT and (b)
c-MWCNT.

TABLE I
DSC Results for TLCP and TLCP/c-MWCNT

Nanocomposites at a Cooling Rate of 108C/min

Material
Tc

(8C)a
DHc

(J/g)a
Tm

(8C)b
DT

(8C)c

TLCP 291.7 1.546 332.0 40.3
TLCP/c-MWCNT 0.01 291.2 1.378 335.0 43.8
TLCP/c-MWCNT 0.1 290.9 0.976 333.1 42.2
TLCP/c-MWCNT 0.2 289.3 0.543 331.3 42.0

a The crystallization temperature obtained from cooling
at 108C/min.

b The melting temperature obtained from heating at
108C/min.

c Degree of supercooling, DT 5 Tm 2 Tc.
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the coefficient of A*; Ti is the initial experimental
temperature (8C), and Tf is the final experimental
temperature (8C). The values of Tdm and WR as well
as IPDT increased with increasing c-MWCNT con-
tent, which indicates that the incorporation of c-
MWCNT enhanced the thermal stability of TLCP/
c-MWCNT nanocomposites. The enhancement of
thermal stability for the TLCP/c-MWCNT nanocom-
posites may be attributed to a physical barrier effect
of the MWCNT, which prevented the transport of
decomposition in the polymer nanocomposites.37,38

Similar results that MWCNT hindered the transport
of degradation in the composites system are
observed at PEN/MWCNT and PET/MWCNT nano-
composites.22,23 Therefore, it could be demonstrated
that a very small amount of c-MWCNT acted as
effective thermal degradation resistant reinforce-
ments in the TLCP matrix, enhancing the thermal
stability of the TLCP/c-MWCNT nanocomposites.

Rheological properties

The complex viscosity of TLCP/c-MWCNT nano-
composites at 3508C as a function of frequency is
shown in Figure 4. The complex viscosity of TLCP/
c-MWCNT nanocomposites decreased with increas-
ing frequency, indicating a non-Newtonian behavior
over the frequency range investigated. The shear-
thinning behavior of TLCP/c-MWCNT nanocompo-

sites resulted from the high-shear thinning character-
istic of TLCP by the orientation of the rigid molecu-
lar chains during the applied shear force. To investi-
gate the effect of c-MWCNT content on the complex
viscosity of TLCP/c-MWCNT nanocomposites, the
complex viscosity of nanocomposites at different fre-
quency is shown in Figure 5. Incorporation of the c-
MWCNT into the TLCP matrix had a slight effect on
the complex viscosity of TLCP/c-MWCNT nanocom-
posites. In general, melt viscosity of the composites
increases with filler content, which decreases the
processability of filled system polymer composites.
However, the extent of increase in the complex
viscosity of TLCP/c-MWCNT nanocomposites with
c-MWCNT content was small. Therefore, it is very
remarkable that the processability of TLCP/c-
MWCNT nanocomposites was not decreased by
incorporation of c-MWCNT into the TLCP, which
makes it possible to fabricate the high-performance
polymer nanocomposites with good processability.

The storage modulus of TLCP/c-MWCNT nano-
composites as a function of the frequency is shown
in Figure 6. The storage modulus of TLCP/c-
MWCNT nanocomposites increased with increasing
frequency and was higher than that of pure TLCP.
In addition, the storage modulus of the TLCP/c-
MWCNT nanocomposites increased with increasing
c-MWCNT content, as shown in Figure 7. This result

TABLE II
Thermal Stability of TLCP/c-MWCNT Nanocomposites with Different c-MWCNT Content

Materials Tdm
a (8C) WR

b (8C) A* K* A*K* IPDT (8C)

TLCP 533.2 20.4 0.719 1.399 1.006 905.0
TLCP/c-MWCNT 0.01 534.0 22.7 0.731 1.452 1.062 954.0
TLCP/c-MWCNT 0.1 535.3 24.4 0.739 1.498 1.107 992.8
TLCP/c-MWCNT 0.2 539.4 30.1 0.762 1.629 1.241 1108.7

a Decomposition temperature at the maximum decomposition rate.
b Residual yield in TGA at 9008C under nitrogen.

Figure 3 Schematic TGA thermogram to determine the
IPDT.

Figure 4 Variations of complex viscosity of TLCP/c-
MWCNT nanocomposites with c-MWCNT content as a
function of frequency.
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can be explained by the fact that the physical inter-
action between the nanotubes could lead to the for-
mation of an interconnected or network-like struc-
tures of the nanotubes in the polymer matrix as the
c-MWCNT content increased.39 And also, this result
was similar to the tendency observed in the complex
viscosity of TLCP/c-MWCNT nanocomposites with
increasing c-MWCNT content.

The shear-thinning exponent and relaxation expo-
nent of the TLCP/c-MWCNT nanocomposites were
characterized to investigate the effect of c-MWCNT
on the rheological properties of TLCP/c-MWCNT
nanocomposites. The shear-thinning exponent is the
slope in the plot of complex viscosity versus fre-
quency, and the relaxation exponent is the slope in
the plot of storage modulus versus frequency.40,41

An ideal non-Newtonian fluid has a shear thinning
exponent that equals or approaches zero, and the
viscosity is independent of frequency. The shear-

thinning exponent and relaxation exponent of
TLCP/c-MWCNT nanocomposites are shown in
Table III. In general, the shear-thinning behavior sig-
nificantly depends on the filler content in polymer/
filler composites.40–43 However, the extent of varia-
tion in the shear-thinning exponent of the TLCP/c-
MWCNT nanocomposites was very small. This
is because the shear-thinning behavior of TLCP/
c-MWCNT nanocomposites depends on the matrix
rather than the c-MWCNT content because of the
very strong shear-thinning behavior of TLCP. The
relaxation exponent of TLCP/c-MWCNT nanocom-
posites decreased with increasing c-MWCNT con-
tent, and the extent of decrease was more pro-
nounced at higher c-MWCNT content. This result
demonstrates that nanotube–nanotube interactions
dominate with increasing c-MWCNT content, lead-
ing to the formation of an interconnected structure
or network-like of c-MWCNT in the TLCP/c-MWCNT
nanocomposites.43,44

Mechanical properties and morphology

The mechanical properties of TLCP/c-MWCNT
nanocomposites with c-MWCNT content are shown

Figure 5 Variations of the complex viscosity of TLCP/
c-MWCNT nanocomposites at different frequencies with
c-MWCNT contents.

Figure 6 Variations of storage modulus of TLCP/c-
MWCNT nanocomposites with c-MWCNT content as a
function of frequency.

Figure 7 Variations of storage modulus of TLCP/
c-MWCNT nanocomposites at different frequencies with
c-MWCNT content.

TABLE III
Variations of the Shear-Thinning Exponent and
Relaxation Exponent of the TLCP/c-MWCNT
Nanocomposites with c-MWCNT Content

Materials
Shear-thinning

exponent
Relaxation
exponent

TLCP 20.81 1.08
TLCP/MWCNT 0.01 20.84 1.06
TLCP/MWCNT 0.05 20.81 1.02
TLCP/MWCNT 0.1 20.85 0.84
TLCP/MWCNT 0.2 20.9 0.50

392 PARK, KIM, AND HWANG

Journal of Applied Polymer Science DOI 10.1002/app



in Figure 8. The mechanical properties of nanocom-
posites were improved as c-MWCNT content
increased, which could be attributed to the effective
reinforcement effect of c-MWCNT in the TLCP/c-
MWCNT nanocomposites. There are four main sys-
tem requirements for effective reinforcement: large
aspect ratio, interfacial stress transfer, alignment,
and good dispersion.45 The c-MWCNT has high as-
pect ratio, which implies that the c-MWCNT could
act effectively as reinforcement in the TLCP/c-
MWCNT nanocomposites. In addition, the interfacial
adhesion between TLCP matrix and c-MWCNT may
be improved through the carboxylic acid group on
the surface of c-MWCNT, which could lead to effi-
cient load transfer to nanotube. Compared with con-
ventional thermoplastics, TLCPs undergo spontane-
ous molecular alignment in the melt state due to the
high rigidity of their chains, which leads to their
excellent physical properties.15 Therefore, alignment
of c-MWCNT with spontaneous alignment of TLCP

molecules could give rise to significant enhancement
in mechanical properties of TLCP/c-MWCNT nano-
composites. However, c-MWCNT could prevent the
spontaneous molecular alignment of TLCP as the c-
MWCNT content increased, which may lead that the
improvement in mechanical properties of nanocom-
posites was not increased at 0.2 wt % c-MWCNT
content.

The HDT is considered as the upper temperature
limit to use the material which service at a certain
period, and it provides important information for
product design, including the service temperature of
final products.46–48 Variation of the HDT for the
TLCP/c-MWCNT nanocomposites as a function of
c-MWCNT content is shown in Figure 9. The HDT
of TLCP/c-MWCNT nanocomposites was increased
with increasing c-MWCNT content, and this result
is similar to those of other mechanical properties
such as tensile and flexural properties of TLCP/c-
MWCNT nanocomposites. The variation of the HDT
was related to the behavior of flexural modulus with
filler content.46 The improvement in the HDT of the
TLCP/c-MWCNT nanocomposites was attributed to
the improvement in the flexural modulus with c-
MWCNT contents. This result can be explained by
the fact that incorporation of the c-MWCNT into the
TLCP could increase the stiffness and ability of
nanocomposites to retain stiffness with increasing
temperature.

A good dispersion of CNT in the polymer matrix
is one of the most important and challenging tasks
to fabricate the high-performance polymer/CNT
nanocomposites, because homogeneous and uniform
dispersion of CNT makes it possible to transfer load
to the nanotube efficiently in the polymer nanocom-
posites. Scanning electron microscope (SEM) images
of fractured surface of TLCP, TLCP/pristine-
MWCNT, and TLCP/c-MWCNT nanocomposites are

Figure 8 Variation of (a) tensile strength and modulus
and (b) flexural strength and modulus of TLCP/c-MWCNT
nanocomposites with c-MWCNT content.

Figure 9 Variation of the HDT of TLCP/c-MWCNT nano-
composites with c-MWCNT content.
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shown in Figures 10 and 11. As shown in Figure
10(a), TLCP has highly orientated structure and con-
tinuous microfibrils, which lead to excellent mechan-
ical properties. In addition, this unique structure
of the TLCP results in an improvement in the me-
chanical properties of conventional polymer compo-
sites reinforced with TLCP and the high-mechanical
anisotropy of TLCP. Agglomerated MWCNT was
observed in the TLCP/pristine-MWCNT nanocom-
posites as shown in Figure 10(b,c) at the highlighted
box area. In general, CNTs often tend to bundles to-
gether by van der Waals interaction between the
individual nanotubes with high aspect ratio and
large surface area and lead to some agglomerations,
which prevent efficient load transfer to nanotube.49

Furthermore, the agglomerations of CNTs in the
nanocomposites can act as weak point when an
external force is imposed in the nanocomposites,
which may be the cause of the stress concentration

phenomena.22 As a result, mechanical properties
were not improved in the TLCP/pristine-MWCNT
nanocomposites because of some agglomerated
structures of pristine-MWCNT dispersed in the
nanocomposites.50 As shown in Figure 11(a,b), c-
MWCNTs were uniformly dispersed in the TLCP/c-
MWCNT nanocomposites. This can be demonstrated
that the van der Waals attraction may be reduced by
carboxylic acid group on the outer wall of c-
MWCNT. In addition, aligned c-MWCNT was
observed in Figure 11(c), which deduces that c-
MWCNT was aligned with spontaneous alignment
of TLCP molecules in the TLCP/c-MWCNT nano-
composites. Therefore, the improvement in mechani-
cal properties of TLCP/c-MWCNT nanocomposites
may be resulted from the uniform dispersion and
alignment of c-MWCNT in the TLCP matrix, leading
to an efficient load transfer to the nanotube in the
nanocomposites.

Figure 10 SEM images of fracture surfaces of (a) neat TLCP, (b) TLCP/c-MWCNT nanocomposites, and (c) enlarged
SEM image of selected region in (b).
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CONCLUSIONS

The MWCNT was treated with mixture of concen-
trated acids to improve uniform dispersion of
MWCNT in the polymer matrix and to obtain better

interfacial adhesion between MWCNT and polymer
matrix. The bonding structure of the walls of the
MWCNT was not damaged, and the carboxylic
groups were attached on the surface of the MWCNT
through the acid treatment. TLCP/c-MWCNT nano-
composites were prepared by a melt-compounding
process in twin-screw extruder, and thermal, rheo-
logical, and mechanical properties of nanocompo-
sites were investigated. Incorporation of c-MWCNT
into the TLCP matrix had little effect on the crystalli-
zation of TLCP, which indicates that the c-MWCNT
may be not nucleating material to enhance the nucle-
ation of crystallization of TLCP. However, thermal
stability of TLCP/c-MWCNT nanocomposites was
increased with c-MWCNT contents due to the physi-
cal barrier effect of c-MWCNT in the nanocompo-
sites. The incorporation of c-MWCNT has a slight
effect on the complex viscosity of TLCP/c-MWCNT
nanocomposite, which indicates that it is possible to
fabricate the high-performance polymer nanocompo-
sites with good processability. The slope of the plot
of storage modulus versus frequency at terminal
zone was decreased with c-MWCNT content, which
may be attributed that some interconnected or
network-like structure of c-MWCNT was formed in
the TLCP/c-MWCNT nanocomposites as c-MWCNT
content increased. The mechanical properties of
TLCP/c-MWCNT nanocomposites were improved
by the incorporation of small amount of c-MWCNT,
which implies that even very small amount of c-
MWCNT could act effectively as reinforcement
in the TLCP/c-MWCNT nanocomposites. This was
attributed to the uniform dispersion of c-MWCNT in
the TLCP/c-MWCNT nanocomposites.
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