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Multiwall carbon nanotubes (MWNTs) were modified with polycarbosilane-derived silicon carbide (SiC) to improve its dispersion
in the polymer matrix. PEEK/LCP/MWNTs nanocomposites were prepared by melt blending. TEM images show the improved
dispersion of SiC-coated MWNTs against agglomerated structure of pure MWNTs in the blend. FESEM images shows better
fibrillation of LCP in presence of SiC-coated MWNTs. TGA reveals that nanocomposites with SiC-coated MWNTs shows
higher thermal stability than MWNTs filled blend system. Based on enhanced dispersion, storage modulus, tensile modulus and
tensile strength were increased drastically with the incorporation of SiC-coated MWNTs. Glass transition temperature of the
nanocomposites shows significant improvement with the incorporation of MWNTs.
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1. Introduction

Polymer blends have been developed for improvement of
either a specific property or providing materials with a
tull set of required properties at the low price, improving
processability and offering the means for industrial plastic
waste recycling [1]. Polymer blends containing thermotropic
liquid crystalline polymers (LCPs) considered as one of
the most attractive research topic in recent years due to
advantages like high processability and less abrasion to the
processing machines. Several processing-related studies of
this type of blend systems have been published in literature
[2-5].

Poly(ether ether ketone) (PEEK) is a semicrystalline,
high-performance thermoplastic with excellent mechanical
properties such as elastic modulus, strength and toughness,
excellent resistance to hydrolysis, and high thermal stability
which resulted in its extensive applications in aerospace
and marine industries as a load bearing structural material
[6]. PEEK has been blended with LCP to improve its
processability but the blend shows lower thermal stability
than pure PEEK [7]. But the incorporation of carbon-
nanofibre into the PEEK matrix increases its thermal and
mechanical properties significantly [8, 9].

Carbon nanotubes (CNTs) have been considered as
an ideal reinforcement to fabricate high-performance
nanocomposites due to its excellent physical properties,
such as high mechanical strength and electrical and thermal
conductivity [10]. However the major challenges associated
with development of high-performance nanocomposites are
uniform dispersion of CNTs in the polymer matrix and
developing a strong interfacial interaction which will lead to
the effective load transfer from the polymer to the CNTs. In
a very recent article [11] MWNTs coated with SiC were used
to improve the dispersion of MWNTs in the polymer matrix.

In this study, the overall goal was to develop PEEK/
LCP/MWNTs nanocomposites and determine the effect
of MWNTs on thermal and mechanical properties of
PEEK/LCP blend system. The effect of SiC-coated MWNTs
on the properties of PEEK/LCP blend is also studied with
special attention to the dispersion in the blend system.

2. Experimental Details

2.1. Materials and Procedure. The PEEK material used here,
Victrex 380G, was supplied by ICI. The thermotropic
liquid crystalline polymer used was Vectra B 950(LCP),
a copolymer based on 6-hydroxy-2-napthoic acid (60%),
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FiGURE 1: Chemical Structure of PEEK and LCP.

terephthalic acid (20%), and aminophenol (20%) obtained
from Ticona (USA) (the chemical structures were given
in Figure 1). The MWNTs (MWNTs-1000) were obtained
from Iljini Nanotechnology, South Korea. These MWNTs are
having a diameter of 10-20 nm, length 20 yum, and aspect
ratio of ~1000. The SiC-coated MWNTs were prepared
following a method already reported in the literature [11].

2.2. Preparation of Nanocomposites. Prior to mixing, PEEK
and LCP were dried under vacuum at 80°C and MWNTs
(both unmodified and modified) at 300°C for 12 hours. A
sigma high-temperature internal mixture equipped with two
Sigma type counter rotating rotors was used for the prepa-
ration of PEEK/LCP/MWNTs composites, at a temperature
of 350 °C with a rotor speed of 100 rpm. The formulations
of the composites were given in Table 1. The composites
were compression molded at 350°C and under a constant
pressure of 15MPa for 10 minutes and allowed to cool to
room temperature under the same pressure.

3. Characterization

3.1. Rheology. Rheology study was carried out in a Capillary
Rheometer (Smart RHEO 1000, CEAST) at 360°C, at
different shear rates, to investigate the effect of MWNTs on
viscosity of PEEK/LCP blend.

3.2. Fourier Transform Infrared Spectroscopy (FTIR). FTIR
of nanocomposites was done using an NEXUS 870 FTIR
(Thermo Nicolet) to investigate the possible interaction
between PEEK and LCP.

3.3. High Resolution Transmission Electron Microscopy (HR-
TEM). High-resolution transmission electron microscopy
(HR-TEM, JEOL 2100) analysis was performed on MWNTs
filled samples, microtomed at room temperature, to inves-
tigate the dispersion of MWNTs in the blend system at an
accelerating voltage of 120 kV.

3.4. Thermogravimetric Analysis (TGA). Thermogravimet-
ric analysis curves were recorded with a Dupont 2100
thermogravimetric analyzer. The TGA measurements were
conducted with a heating rate of 10°C/min under an air
atmosphere from 50 to 650°C.

3.5. Dynamic Mechanical Thermal Analysis (DMTA). Dy-
namic Mechanical analysis was performed on the composite
samples using TA Instrument (DMA 2980 model) in single

800
750 -
700 -
650 -
600 -
550 -
500 .
450
400 4 N~ o

350 ol Tl

300 T PL_ T -

Viscosity (Pa.s)

250 T T T T T T T
0 250 500 750 1000 1250 1500 1750 2000

Shear rate (1/s)

FIGURE 2: Variation of Viscosity with Shear rate.

cantilever bending mode. The storage modulus (E’), loss
modulus (E”), and tan § were measured at a frequency of
1 Hz from ambient to 250 °C and a heating rate of 5°C/ min.

3.6. Mechanical Properties Studies. The tensile tests were
carried out on dumb-bell-shaped samples using a Hounsfield
HS 10KS (universal testing machine), at room temperature
with a gauge length of 35mm and crosshead speed of
5 mm/min .Tensile values reported here were an average of
the results for tests run on at least four specimens.

3.7. Field Emission Scanning Electron Microscopy (FESEM). A
Carl Zeiss-SUPRA 40 FESEM with an accelerating voltage of
5kV was employed to observe the morphology of the tensile-
fractured composites. A thin layer of gold was sputtered
on the fracture surface of the specimens for electrical
conductivity.

4. Results and Discussions

4.1. Rheology. Figure 2 shows the viscosity of PEEK/
LCP/MWNT compounds as a function of shear rate. The
reduction of viscosity of PEEK/LCP blend as compared to
pure PEEK is attributed to the interfacial slippage between
the two polymers in binary blend. This clearly indicates that
blending LCP with PEEK facilitates its processability.
Incorporation of MWNTs in the PEEK/LCP blend (PLC)
increases the viscosity of the blend over the entire range
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TaBLE 1: Sample codes and formulation of nanocomposites.

Sample code PEEK (Wt %) TLCP (Wt %) Unmodified MWNT (Wt %) SiC-coated MWNT (Wt %)
PL 70 30 — —

PLC 70 30 1 —

PLS 70 30 — 1
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F1GUrE 3: FTIR spectra of all the samples with pure PEEK.

of shear rate studied compared to PL. The viscosity of PLS
containing SiC-coated MWNT in the PEEK/LCP blend also
showed an increase than PL, but comparatively reduced than
that of PLC. This indicates that the SiC-coated MWNTs
may act as a lubricating agent which reduces the viscosity
of PLS as compared to PLC. This phenomenon probably
suggests the preferential location of SiC-coated MWNTs
at the interfacial boundary. Another possible explanation
may at higher shear rate-oriented structure of LCP make it
easier to slide past each other which reduces the viscosity
[13]. Since PLS shows enhanced fibrillation and orientation
of LCP compared to PLC (as shown by FESEM images
Figure 7(d)), the viscosity of PLS is lower than PLC. The melt
flow index (MFI) of the pure PEEK at 350°C under the load
of 2.16kg is found to be 3.2¢g/10 min. The MFI values for
the PL, PLC, and PLS samples under the same condition are
found to be 4.9 g/10 min, 4.4 g/10 min, and 4.6 g/10 min,
respectively. This suggests that the processability has been
improved with the addition of LCP.

4.2. FTIR Study. Figure 3 exhibits the FTIR spectra of all
the samples along with pure PEEK. As can be seen the
characteristic carbonyl peak of pure PEEK (at 1651 cm™!)
[7] has been shifted to the higher value (1654 cm™!) with
the addition of LCP and the shift is become more prominent
with the addition of MWNTs (1669 cm™! and 1673 cm™! for
PLC and PLS, resp.). This shift indicates that there is some
interaction between PEEK and LCP and this interaction
increases with the addition of MWNTTs.

4.3. High-Resolution Transmission Electron Microscopy (HR-
TEM). The dispersion of MWNTs in polymer matrix is
one of the most important factors for fabricating high-
performance MWNTs/polymer composites. In order to
investigate the dispersion of MWNTs and SiC-coated
MWNTs in the PEEK/LCP blend system, HR-TEM analysis
was carried out upon the microtomed samples of thickness
100 nm. Figures 4(a) and 4(b) show the HR-TEM images
of PLC and PLS samples. Agglomerates of MWNTs can be
seen in PLC samples while no such agglomerations are visible
in PLS samples which conform that SiC-coated MWNTs
are uniformly dispersed in the blend system. The formation
of agglomerates of MWNTs in the blend system is due to
the van der Walls interaction between the MWNTs which
is decreased by the SiC coating on the MWNT5, in SiC-
coated MWNTs, leading to uniform dispersion of SiC-coated
MWNTs in the blend system. The SiC-coated MWNTs show
a very rough surface due to the SiC coating while the surface
of pure MWNTs is smooth.

4.4. Thermogravimetric Analysis. To investigate the effect of
MWNTs and SiC-coated MWNTs on the thermal properties
of PEEK/LCP blend system, TGA was performed on the
nanocomposites with same loading of both the fillers.
Figure 5 shows the TGA weight loss curve for the blend
system and nanocomposites in air. All the nanocomposites
show higher thermal stability as compared to the blend
system without fillers. The onset degradation temperature
of PEEK/LCP blend was found to be 385°C (at 2.5%
weight loss) which increases to 420 °C and 445 °C with the
incorporation of 1wt% MWNTs and SiC-coated MWNTs,
respectively. The incorporation of MWNTSs reduces the chain
mobility of the polymer matrix by imposing vast numbers of
restriction sites which reduces the thermal vibration of the
C—C bond [12]. So the nanocomposites require more ther-
mal energy for the degradation of the polymer matrix which
in turn increases their thermal stability. Another reason for
the improved thermal stability of the nanocomposites can
be the formation of char, which act as the physical barrier
between the polymer and the superficial zone where the
combustion of the polymer is occurring [14].

4.5. Dynamic Mechanical Thermal Analysis (DMTA). Figures
6(a) and 6(b) represent the DMTA results. Figure 6(a) shows
the variation of storage modulus as a function temperature
for PEEK/LCP blend and its composites with MWNTs. The
storage modulus curve shows an increase in stiffness of
nanocomposites with the incorporation of MWNTs into the
PEEK/LCP blend, both below and above the glass transition
temperature (around 157 °C). This effect is attributed to the
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TaBLE 2: Mechanical properties of nanocomposites.

Sample code Tensile strength (MPa) Elongation at break (%) Young’s modulus (GPa)
PL 79.2 19.8 6.7
PLC 89.1 9.1 7.3
PLS 109.3 5.2 7.5

100 nm

(b)
FiGUrg 4: HR-TEM image of (a) PLC and (b) PLS.
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F1GURrE 5: TGA curves of PEEK/LCP/MWNTs nanocomposites.

decrease in the polymer chain mobility due to the incor-
poration of MWNTs. Also MWNTs act as a cross-linking site
between the LCP droplets and polymer matrix (as revealed by
FESEM) which increases the stiffness of the nanocomposites.
The significant improvement in storage modulus of PLS
nanocomposites than the PLC is ascribed to the uniform
dispersion of the SiC-coated MWNTs in the blend system (as
revealed by TEM).

The tan § curve for the PEEK/LCP blend and nanocom-
posites is shown in Figure 6(b). As can be seen the glass
transition temperature (Tg) shifts to the higher value with
the incorporation of MWNTs. The pure blend system shows
a Tg of 157 °C, which increases to 168 and 175°C for PLC
and PLS nanocomposites, respectively. The increase in Tg
is attributed to the immobilize action of MWNTs at high
temperature. In the glass transition region these MWNTs act
as a barrier to the viscous flow of the polymer chains, which
leads to the improvement in Tg.

With the incorporation of MWNTs, the tan § peak height
decreases as compared to the pure blend system which
suggests improved damping behavior of the nanocomposites
with minimum heat buildup. With the incorporation of
MWNTs into the blend system, a greater amount of stress
is transferred to the MWNTs and a very small stress is
available to strain the interface which leads to less energy
dissipation. The reduced peak height of the PLS than the PLC
nanocomposites suggests that there must be better adhesion
between the SiC-coated MWNTs and matrix than that of
pure MWNTs with matrix [15].

4.6. Mechanical Properties. Tensile tests were performed on
the compression molded samples to study the effect of
incorporation of MWNTs into the PEEK/LCP blend system.
The results of tensile tests were summarized in Table 2. As
can be seen from the results, the young’s moduli of the
nanocomposites are higher than the PEEK/LCP blend. The
tensile modulus of the PEEK/LCP blend was found to be
6.7 = 0.1 GPa and increased by 9% to 7.3 GPa and 12%
to 7.5 GPa for the incorporation of 1 wt% of MWNTs
and SiC-coated MWNTs into the blend system, respectively.
The corresponding tensile strength increased by 12.5% and
38% as compared to pure blend system. But the percentage
of elongation decreases from 19.8% to 9.1% and 5.2% for
PLC and PLS samples, respectively. This might be due to
the decrease of ductility of the polymer blend with the
incorporation of MWNTs.

4.7. Field Emission Scanning Electron Microscopy (FESEM).
Figures 7(a)-7(d) show the FESEM images of tensile frac-
tured surface of the PL, PLC, and PLS samples.
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FIGURE 6: (a) Storage modulus, (b) tan § versus temperature plots of PEEK/LCP/MWNTs nanocomposites.
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Ficure 7: FESEM images of tensile fractured surfaces of (a) PL, (b), (¢) PLC, and (d) PLS samples.



As can be seen from Figure 7(a), for PL blend sys-
tem ellipsoidal domains of LCP of various dimensions
are uniformly dispersed in the PEEK matrix. The voids
seen in the image are formed due to the pullout of the
LCP domains from the PEEK matrix which suggests poor
interfacial adhesion between the two matrixes. Due to this
low interfacial adhesion the stress transfer from the PEEK
matrix to LCP domains is not sufficient enough for LCP
fibrillation in the blend system.

Figure 7(b) reveals that, with the incorporation of
MWNTs, some fibrillation of the LCP domains has been
occurring in the composite system. A close-up of the
PEEK/LCP interface is shown in Figure 7(c). This image
shows that the MWNTs act as the bridging element between
the LCP droplets and polymer matrix which leads to effective
stress transfer from the PEEK matrix to the LCP droplets
leading to the fibrillation of LCP. Same types of results are
obtained by Chen et al. where CaCOj; whisker enhanced
the fibrillation of LCP [16]. This effect is become more
prominent with the incorporation of SiC-coated MWNTs
due to the uniform dispersion of the fillers and rough surface
of the SiC-coated MWNTs (as revealed by TEM images). The
rough surface of the SiC-coated MWNTSs produces effective
physical interaction between the LCP and PEEK phases and
reduces the slippage of MWNTs which in turn increases the
stress transfer from the PEEK phase to LCP droplets leading
to the complete deformation of LCP droplets into LCP fibers
(Figure 4(d) ).

5. Conclusion

PEEK/LCP/MWNTs and PEEK/LCP/SiC coated MWNTs
nanocomposites were prepared by melt blending process.
Rheology study shows that SiC-coated MWNTs act as
lubricating agent which reduces the viscosity of the PLS
samples as compared to the PLC samples. SiC-coated
MWNTs show better dispersion than the pure MWNTS, in
the blend system, as revealed by HR-TEM. The fibrillation
of LCP increased with the incorporation of MWNTs and
the effect is more prominent for SiC-coated MWNTs-filled
system. Nanocomposites with SiC-coated MWNTs show
higher mechanical properties than the pure MWNTs-filled
system.
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