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Multi-Wall Carbon Nanotube Reinforced Thermotropic
Liquid Crystal Copolyester Nanocomposites

Hui Jun Choi', Jun Young Kim?, and Seong Hun Kim'
Department of Fiber and Polymer Engineering, Hanyang University,
Seongdong-gu, Seoul, Republic of Korea

2Material Lab., Corporate R&D Center, SAMSUNG SDI CO.,
Republic of Korea

Thermotropic liquid crystal polymer (TLCP) nanocomposites reinforced with a
multi-wall carbon nanotube (CNT) were prepared by melt compounding in a
twin-screw extruder. The incorporation of CNT has a minor effect on the thermal
transition temperatures of TLCP/CNT nanocomposites. The enhancement of
thermal stability of TLCP/CNT nanocomposites was obtained by the physical
barrier effect of the dispersed CNT in the polymer nanocomposites. There was
significant dependence of the rheological and mechanical properties of TLCP/CNT
CNT nanocomposites on the CNT contents. The TLCP/CNT nanocomposites
exhibited more distinct shear thinning behavior relative to pure TLCP over the
whole frequency range, and the non-terminal behavior was observed in the
TLCP/CNT nanocomposites attributed to the nanotube-polymer interaction. In
addition, the improvement in the mechanical properties of TLCP/CNT nanocom-
posites can be explained by the reinforcement effect of CNT with high aspect ratio
as well as the uniform dispersion of CNT in the TLCP matrix.

Keywords: carbon nanotube (CNT); liquid crystalline polymer (LCP); melt compounding;
polymer nanocomposites

INTRODUCTION

Reinforcement of polymer matrix by application of nanomatrial has
been an attractive research field in terms of cost effectiveness and per-
formance improvement. Carbon nanotubes (CNTs) have attracted
advanced materials, since CNTs were introduced by Iijima in 1991
[1]. Moreover, this discovery has created the practical realization by
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the extraordinary properties of CNTs such as their excellent electrical
properties, thermal conductivity, and mechanical strength [2-5]. The
fundamental research underlying the applications of CNTs suggests
that they can be utilized as a promising reinforcement in new kinds
of polymer nanocomposites [6]. The critical issues in development such
new composites are improvement of dispersion of CNTs, CNT-polymer
interactions, selection of manufacturing process, and cost deduction of
the composite. If the cost of CNTs will be on the downward trend, it
will be a general material and wide use of the CNT/polymer nanocom-
posites in the near future.

Thermotropic liquid crystalline polymers (TLCPs) can be oriented
to form fibrils under elongational or shear flow. The property results
in self-reinforcement in polymer matrix during melt processing [8-9].
Thus, the application of TLCPs for the high performance engineering
plastics has attracted researchers [10].

One of the major challenges for high performance polymer nano-
composites is to optimize the processing operations of CNT reinforced
polymer nanocomposites with low costs. Various processing techni-
ques have been attempted, including melt compounding, in situ poly-
merization, and solution mixing [11-12]. Of these processing
techniques, melt compounding has been accepted as the simplest
and most effective method from an industrial perspective, because this
process makes it possible to fabricate high performance nanocompo-
sites at low cost, and also facilitates commercial scale up. The combi-
nation of a small quantity of expensive CNT with TLCP may provide
attractive possibilities to improve the mechanical properties of
polymer nanocomposites.

In this research, The amount of CNT incorporated into the TLCP
matrix was lowered to 0.5~2.0 wt% to obtain uniform dispersion of
CNT in the TLCP matrix. To our conception, attempts to disperse
the CNT in the TLCP matrix and to fabricate the TLCP/CNT nano-
composites by melt compounding have not been previously investi-
gated, and the study on the -characterization of TLCP/CNT
nanocomposites has not yet been reported in the literature. Thus,
we would like to clarify the influence on the effect of the CNT on the
thermal stability, mechanical properties, and rheological behavior of
the TLCP/CNT nanocomposites.

EXPERIMENTAL

The thermotropic liquid crystal polymer used was the wholly aromatic
copolyester (Vectra A950, TLCP) with 73 mol% of hydroxy benzoic acid
(HBA) and 27 mol% of hydroxyl naphthoic acid (HNA), purchased from



Downloaded by [University of California, San Diego] at 14:16 08 August 2012

302/[1436] H. J. Choi et al.

Polyplastics Co., Ltd, (Japan). The nanotubes used were multi-wall
CNT (degree of purity >95%) synthesized by a catalytic chemical
vapor deposition process, purchased from Iljin Nanotech Co., Korea.
The CNT has the diameter of 10~15nm and the length of 10~20m.

Preparation of TLCP Nanocomposites

All materials were dried at 120°C in vacuo at least 24 hr before use, to
minimize the effects of moisture. The TLCP/CNT nanocomposites
were prepared by a melt compounding in a Haake rheometer (Haake
Technik GmbH, Germany) equipped with a twin-screw. The tempera-
ture of the heating zone, from the hopper to the die, was set to 290,
315, 320, and 300°C, and the screw speed was fixed at 30 rpm. For
the fabrication of TLCP/CNT nanocomposites, TLCP was melt
blended with the addition of various CNT content, specified as 0.5,
1.0, and 2.0 wt% in the polymer matrix, respectively.

Characterization

Thermal properties of the TLCP/CNT nanocomposites was performed
with a TA Instrument 2010 differential scanning calorimetry (DSC)
over the temperature range of 30~300°C at heating and cooling rate
of 10°C/min. Thermogravimetric analysis (TGA) of the TLCP/CNT
nanocomposites was performed with a PerkinElmer Pyris-1 over the
temperature range of 30~900°C at a heating rate of 10°C/min under
nitrogen atmosphere. The rheological properties of the TLCP/CNT
nanocomposites as a function of angular frequency were measured
at 310°C with an advanced rheometric expansion system (ARES) rhe-
ometer (Rheometric Scientific, Inc.). The mechanical properties of the
TLCP/CNT nanocomposites were measured at room temperature
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 20mm and 10 mm/min, respectively. The morphol-
ogy of the TLCP/CNT nanocomposites was observed using a JEOL
JSM-6340F scanning electron microscope (SEM). The texture of
TLCP/CNT nanocomposites was identified with an Olympus BX51
polarizing optical microscope.

RESULT AND DISCUSSION
Thermal Behavior

The effect of CNT on the thermal properties of the TLCP/CNT nano-
composites was characterized by means of DSC analysis. DSC cooling



Downloaded by [University of California, San Diego] at 14:16 08 August 2012

TLCP and CNT Nanocomposites 303/[1437]

TABLE 1 Thermal Behavior of the TLCP/CNT Nanocomposites with CNT
Content

Materials T2 (°C) Tin? (°C) T (°C) Tomaxl °C) A* K+ IPDT Wz (%)

TLCP 239.7 280.5 491.5 507.3 0.81 2.09 1338.0 52.3
TLCP/CNT 0.5 237.5 278.5 494.0 516.3 0.81 2.08 1338.6 52.6
TLCP/CNT 1.0 237.3 278.6 496.3 517.3 0.82 2.12 1366.9 53.7
TLCP/CNT 2.0 236.9 277.7 495.0 510.8 0.82 2.17 1400.6 54.0

“The crystallization temperature in DSC at a cooling at 10°C/min.

The crystalline to nematic temperature in DSC at a heating rate of 10°C /min.
‘Initial decomposition temperature in TGA at a heating rate of 10°C/min.
9Decomposition temperature at the maximum decomposition rate.

°Rasidual yield in TGA at 600°C.

and heating data of the TLCP/CNT nanocomposites with the CNT
content are shown in Table 1. The presence of CNT within the TLCP
matrix has a minor effect on the crystallization and transition
temperatures of the TLCP/CNT nanocomposites.

TGA thermograms of the TLCP/CNT nanocomposites with the CNT
content at a heating rate of 10°C/min under a nitrogen atmosphere
are shown in Table 1. It can be seen that the decomposition tempera-
tures and the residual yield of the TLCP/CNT nanocomposites were
increased with increasing CNT content. The incorporation of CNT into
the TLCP matrix may retard the rate of thermal decomposition in the
polymer nanocomposties, resulting in the enhancement of thermal
stability of the TLCP/CNT nanocomposites. The improved thermal
stability of TLCP/CNT nanocomposites is associated with the inter-
action between TLCP and CNT. The decomposition temperature
including initial decomposition temperature (T;), thermal decomposi-
tion temperature at the maximum rate (T,a), and residual yield
(Wgr) of the TLCP/CNT nanocomposites increased with increasing
CNT content, indicating the thermal decomposition of the TLCP/CNT
CNT nanocomposites was retarded by incorporating CNT into the
TLCP matrix. In addition, the residual yields of the TLCP/CNT
nanocomposites increased with increasing CNT content, indicating
that the thermal decomposition of the polymer matrix was retarded
in the TLCP/CNT nanocomposites with higher residual yield.

Based on the Doyle’s proposition [13], the integral procedural
decomposition temperature (IPDT) of the TLCP/CNT nanocomposites
can be determined from TGA curves according to the following
equations [14], and the results are shown in Table 1.

IPDT (°C) = A’K*(T¢ — T}) + T
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. Al +A2 . Al+A2

A =Aivas+as ™ K=

where, A* is the ratio of the area of TGA curve up to the temperature
divided by that of the total TGA curves; K* is the coefficient of A*; T} is
the initial experimental temperature, and T% is the final experimental
temperature. As shown in Table 1. The values of IPDT, A*, and K* for
the TLCP/CNT nanocomposites were increased with increasing CNT
content. This result means that the incorporation of CNT into the
TLCP matrix enhanced the thermal stability of the TLCP/CNT
nanocomposites. The improvement in the thermal stability of the
TLCP/CNT nanocomposites may be explained by the fact that the
dispersed CNT in the polymer nanocomposites can act as physical
barriers which retard the decomposition rate and prevent the
diffusion-out of volatile decomposed products in the polymer nanocom-
posites, resulting in the increased thermal stability of the TLCP/CNT
nanocomposites [15].

Rheological Behavior

The complex viscosity (|n*|) of pure TLCP and the TLCP/CNT nano-
composites at 310°C as a function of frequency are shown in
Figure 1. The |n*| of the TLCP/CNT nanocomposites decreased with
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FIGURE 1 Variation of complex viscosity of the TLCP/CNT nanocomposites
with CNT content measured at 310°C.
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increasing frequency, indicating that the TLCP/CNT nanocomposites
exhibited shear thinning behavior over the whole frequency range
investigated, due to the random orientation of rigid rod-like molecular
chains by shear forces. The increase in the |4*| of TLCP/CNT nano-
composites with increasing CNT content was more significant at low
frequency region rather than at high frequency region. This effect
was reduced with increasing frequency because of the strong shear
thinning behavior induced by incorporating CNT. As |5*| of the
TLCP/CNT nanocomposites increased with increasing CNT content,
and this could be attributed to the physical interactions between
the nanotube-polymer [4,16]. This phenomenon was related to the
increase storage modulus (G’') of TLCP/CNT nanocomposites with
increasing CNT content.

The variations of storage modulus (G’) and loss modulus (G”) of the
TLCP/CNT nanocomposites as a function of frequency are shown in
Figure 2. The values of G’ and G” of the TLCP/CNT nanocomposites
were increased with increasing frequency and CNT content. In addi-
tion, G’ and G” of the TLCP/CNT nanocomposites were higher than
those of pure TLCP and increased with increasing CNT content. Those
phenomena were similar to the tendency observed in the |*| of the
TLCP/CNT nanocmoposites with increasing CNT content. The sto-
rage modulus of TLCP/CNT nanocomposites increased with increas-
ing frequency and was higher than that of pure TLCP. The storage
modulus of the TLCP/CNT nanocomposites increased with increasing
CNT content. This result can be explained the fact that the physical
interaction between the nanotubes could lead to the formation of an
interconnected or network-like structures of the nanotubes in the
TLCP matrix as the CNT content increased [17]. And also this result
was similar to the tendency observed in the complex viscosity of
TLCP/CNT nanocomposites with increasing CNT contents.

In addition, the TLCP/CNT nanocomposites exhibited more distinct
shear thinning behavior relative to pure TLCP over the whole fre-
quency measured, and the non-terminal behavior observed in the
TLCP/CNT nanocomposites was attributed to the nanotube-polymer
interaction [18,19].

The shear thinning exponent and relaxation exponent of the
TLCP/CNT nanocomposites were characterized to investigate the
effect of CNT of the rheological properties of TLCP/CNT nanocompo-
sites. The shear thinning exponent can be calculated from the slope of
complex viscosity versus frequency, and the relaxation exponent is the
slope of storage modulus versus frequency [20,21]. An ideal
non-Newtonian fluid has a shear thinning exponent that equals or
approaches zero, and the viscosity is independent of frequency.
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FIGURE 2 Variation of (a) storage modulus and (b) loss modulus of the
TLCP/CNT nanocomposites with CNT content as a function of frequency.

The shear thinning exponent and relaxation exponent of TLCP/CNT
nanocomposites, determined by fitting of the experimental data at
low frequency to power-law equations, such as complex viscosity ~ o
and storage modulus ~ »" [20], are shown in Table 2. Many
researches have reported that the shear thinning behavior signifi-
cantly depends on the filler content in polymer/filler composites
[20—22]. The shear thinning exponent values of the TLCP/CNT
nanocomposites decreased with increasing CNT content, indicating
that shear thinning behavior of the TLCP/CNT nanocomposites
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TABLE 2 The Shear Thinning Exponent and Relaxation Exponent of the
TLCP/CNT Nanocomposites with CNT Content

Materials Shear thinning exponent (n) Relaxation exponent (n)
TLCP -0.44 0.43
TLCP/CNT 0.5 -0.51 0.38
TLCP/CNT 1.0 -0.53 0.36
TLCP/CNT 2.0 —0.56 0.35

significantly depended on CNT content. The relaxation exponent of
TLCP/CNT nanocomposites decreased with increasing CNT content,
and the extent of decrease was more distinct at higher CNT content.
This was attributed that nanotube-nanotube interactions dominate
with increasing CNT content, leading to the formation of an intercon-
nected structure or network-like of CNT in the TLCP/CNT nanocom-
posites. This result suggests that the incorporation of CNT leads to
more rigid and stiffer polymer chains in the TLCP/CNT nanocompo-
sites, resulting in the increase in the relaxation exponent for the flow
process [16,23-24].

Mechanical Properties

The variation of stress-strain curves of the TLCP/CNT nanocompo-
sites with the CNT contents is shown in Figure 3. The tensile strength
and modulus were calculated average from the stress-strain profiles
and are shown in Table 3. The addition of CNTs into the TLCP matrix
improved the tensile strength and modulus of the TLCP matrix. There
is a significant dependence of the mechanical properties of the
TLCP/CNT nanocomposites of the CNT content. Addition of CNT to
TLCP matrix increased the tensile modulus and strength and
decreased the elongation at break. The tensisle strength and modulus
of TLCP/CNT nanocomposites increased from 62.3 in pure TLCP
to 89.3 MPa (an increase of 43.3%) and 1.12 to 1.79 GPa (an increase
of 59.8%), respectively, when the CNTs content reached 2wt% in
TLCP/CNT nanocomposites. When the CNTs loading is increased,
the elongation at break of the TLCP/CNT nanocomposites is reduced
that the TLCP/CNT nanocomposites were more brittle and stiff
with the incorporation of the CNT. The incorporation of CNT improved
the mechanical properties of the TLCP/CNT nanocomposites due to
the reinforcement effect of the CNT with high aspect ratio, their uni-
form dispersion in the TLCP matrix, and this improvement being more
significant at lower CNT content. However, mechanical properties of
the TLCP/CNT nanocomposites are improved but not enough as
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FIGURE 3 Stress-strain curves of the TLCP/CNT nanocomposites with CNT
content.

expected. The reason is weak bonding between the CNT and the
surrounding TLCP matrix. As the interfacial bonding between the
CNTs and the polymer matrix is weak, the CNT often tends to from
bundles together due to intrinsic van der Waals attraction between
the individual nanotubes in combination with high aspect ratio and
large surface area of the CNT, and leading to some agglomeration
[25]. Thus prevent an efficient load transfer to the polymer matrix.

Morphology

The morphologies of the TLCP/CNT nanocomposites are shown in
Figure 4. As shown in Figure 4(a), the TLCP/CNT nanocomposites

TABLE 3 The Mechanical Properties of the TLCP/CNT Nanocomposites
with CNT Content

Tensile strength Tensile modulus Elongation at
Materials (MPa) (GPa) break (%)
TLCP 62.3 1.12 10.15
TLCP/CNT 0.5 75.5 1.57 10.18
TLCP/CNT 1.0 88.2 1.60 9.95

TLCP/CNT 2.0 89.3 1.79 9.26
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FIGURE 4 SEM microphotographs of TLCP/CNT nanocomposites at (a)
0.5wt% and (b) 2.0 wt% CNT content.

exhibited a uniform dispersion of the CNTs in the TLCP matrix, in
comparison with the nanocomposites with higher CNT contents. At
higher CNT content, less uniformly dispersed and more agglomerated
of CNT were formed in the TLCP matrix, as shown in Figure 4(b). As a
result, the tensile strength of the TLCP/CNT nanocomposites was not
increased significantly at high CNT content, as expected, compared
with that at low content, resulting form some agglomerates of ran-
domly dispersed CNT in the polymer nanocomposites. Therefore, to
achieve further enhanced mechanical properties of the TLCP/CNT
nanocomposites, the improvement on both the dispersion of CNT in
the TLCP matrix and in the interfacial interaction between the CNT

FIGURE 5 Optical micrographs of the TLCP/CNT nanocomposites at 280°C;
(a) Pure TLCP and (b) 2.0 wt% CNT content.
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and TLCP matrix through functionalization of CNTs should be
required, and our recent research is also aimed at that topic.

To analyze the liquid crystalline behavior, TLCP/CNT nanocompo-
sites was employed polarize optical microscope. It is clear from the
Figure 5(a and b) that thread and droplet structure can be seen in
these images, which are the representative structure of nematic liquid
crystals. The presence of CNT within the TLCP matrix increased dro-
plet structure size on the liquid crystal phase and the overall thread
structure decreased.

CONCLUSIONS

The TLCP/CNT nanocomposites were prepared by simple melt com-
pounding in a twin-screw extruder. The increase in the thermal
decomposition temperatures and the residual yield of the TLCP/CNT
CNT nanocomposites with increasing CNT content indicated that the
incorporation of a small quantity of CNT could improve the thermal
stability of the TLCP/CNT nanocomposites, resulting from the effec-
tive function of CNT as physical barriers to prevent hinder the trans-
port of thermal energy in the TLCP/CNT nanocomposites during
thermal decomposition. There was significant dependence of the rheo-
logical and mechanical properties of the TLCP/CNT nanocomposites
on the CNT content. The TLCP/CNT nanocomposites exhibited more
distinct shear thinning behavior as compared to pure TLCP over the
whole frequency measured. The storage and loss moduli the
TLCP/CNT nanocomposites increased with increasing frequency and
CNT content, and this enhancement effect was more pronounced at
low frequency than at high frequency. As the CNT content increased,
the terminal zone slopes of G’ for the TLCP/CNT nanocomposites were
decreased, and the non-terminal behavior observed in the TLCP/CNT
nanocomposites was related to the nanotube-polymer interaction,
leading to the formation of the interconnected or network-like struc-
tures of CNT in the polymer nanocomposites. The tensile strength
and tensile modulus of the TLCP/CNT nanocomposites were improved
with increasing CNT content due to the reinforcement effect of CNT
with high aspect ratios as well as good dispersion of CNT in the TLCP
matrix, and this enhancing effect was more significant at low CNT
content than at high CNT content.
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