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ABSTRACT: Carbon nanotubes (CNTs) have been recognized as a potential superior reinforcement for high-performance, multifunc-
tional composites. However, non-uniform CNT dispersion within the polymer matrix, the lack of adequate adhesion between the con-
stituents of the composites, and lack of nanotube alignment have hindered significant improvements in composite performance. In this
study, we present the development of a layer-by-layer assembly method to produce high mechanical performance and electrical conduc-
tivity CNT-reinforced liquid crystalline polymer (LCP) composites using CNT sheets or buckypaper (BP) and self-reinforcing polyphe-
nylene resin, Parmax. The Parmax/BP composite morphology, X-ray diffraction, mechanical, thermal, and electrical properties have
been investigated. SEM observations and X-ray diffraction demonstrate alignment of the CNTs due to flow-induced orientational order-
ing of LCP chains. The tensile strength and Young’s modulus of the Parmax/BP nanocomposites with 6.23 wt % multi-walled carbon
nanotube content were 390 MPa and 33 GPa, respectively, which were substantially improved when compared to the neat LCP. Noticea-
ble improvements in the thermal stability and glass transition temperature with increasing CNT content due to the restriction in chain
mobility imposed by the CNTs was demonstrated. Moreover, the electrical conductivity of the composites increased sharply to 100.23 S/
cm (from approximately 10 '? S/cm) with the addition of CNT BP. These results suggest that the developed approach would be an effec-
tive method to fabricate high-performance, multifunctional CNT/LCP nanocomposites. © 2012 Wiley Periodicals, Inc. J. Appl. Polym.
Sci. 000: 000-000, 2012
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INTRODUCTION CNTs and CNT BP can be used to improve the mechanical and
physical property of polymers for functional and structural
applications.'”™"® The mechanical and physical property of CNT
composites strongly depend on the homogeneous dispersion of
CNTs in the polymer matrix, as well as good interfacial adhe-
sion between CNTs and the polymer matrix. However, disper-

Carbon nanotubes (CNTs) have attracted tremendous attention
due to their unique combination of electronic, mechanical,
chemical, and thermal properties,'™ which has built upon Iiji-
ma’s pioneering research reported in 1991.* CNT sheets, or
buckypaper (BP), are free-standing mats of entangled carbon

nanotube ropes.” BP can be readily fabricated into sizable prod-
ucts through a CNT suspension and filtration process and  to van der Waals interactions between the nanotubes leading to

should prove to be convenient for use in various composite fab- ~ their tendency to agglomerate during composites fabrication
rication methods. The electrical conductivity,6 field emission processes.16 Particularly, uniformly dispersing CNTs in high vis-
properties,” gas permeability,® electronic properties, and me-  cosity thermoplastic resins without the use of solvents and
chanical properties of BP have undergone extensive studies.”  strong sonication aids is challenging.'"” The use of BP is an
Numerous research efforts have been carried out to explore the  effective way to avoid nanotube agglomeration and help com-
potential applications of BP, including CNT actuators,'® artificial ~ pensate for processing difficulties due to high polymer viscosity,
muscles,' strain sensors,'> and cold field emission cathodes.” to achieve uniform dispersion and high CNT concentration

sion of CNTs into the polymer matrix is extremely difficult due

© 2012 Wiley Periodicals, Inc.
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within the polymer matrix.'> What is more, much effort has
been invested in recent years to align the CNTs. Commonly
used approaches including magnetic and electric fields, shear
flow, and mechanical ordering as well as aligned growth have
been investigated,'®* most of which are dependent on the
application of external fields.

Liquid crystalline polymers (LCPs) are very attractive for com-
posite applications due to their exceptional mechanical proper-
ties and unique microstructures, compared to conventional
thermoplastic polymers.”®> The orientational ordering of LCP
chains in the melt phase distinguishes them from the isotropic
melt phase of conventional engineering thermoplastics at high
temperatures.”»** The ordering of the liquid crystalline phase is
a molecular scale phenomena and this ordering can be either
temperature or concentration dependent.”>** Thermotropic
LCPs show two distinct phases: nematic and smectic. In the ne-
matic phase, molecules have no positional order, but they point
in the same direction. In the smectic phase, the molecules tend
to align themselves in layers and planes.

The alignment of LCP molecules is crucial to its mechanical
and electrical properties.”>*® LCP alignment can be achieved
through several processes. For example, it has been reported
that for a dip-coated LCP polymer film, the molecules tend to
align in the direction of withdrawal from the polymer solu-
tion.”»?® Buffing is another process that has proven to facilitate
LCP molecular alignment. During buffing, polymer chains in
smectic and nematic phases can be homogeneously aligned in
the direction of the shear force in the solid state, and the align-
ment is believed to be caused by the application of shear force
on the LCP film.>**® During the processes, the polymer seems
to become trapped between a moving and a stationary phase.
The movable source exerts a shear force on the polymer mole-
cules, causing them to align in the direction of the shear
force.”>*°

This technique has been frequently used for aligning such nano-
scale inclusions along the flow direction to increase the mechan-
ical properties. Interesting interactions of LCP orientation and
CNTs have been reported; Song et al. first demonstrated the ne-
matic liquid crystallinity of MWNTs in water.”” Examination of
a series of aqueous dispersions with different MWNT concen-
trations showed a phase transition from isotropic to a Schlieren
texture typical of lytropic nematic liquid crystals above a critical
concentration of ~ 4.3% by volume. Similarly, Lynch and Pat-
rick oriented the nematic low molar mass LCP in an electric
field and used these matrices to align the suspended MWNTs.*®
The MWNTs were oriented along the direction of applied elec-
tric field, and a 1.8 V/um electric field was strong enough to
overcome the orientational effect of the grooves, which were
perpendicular to the electric field. Later, Mrozek et al. reported
that the ordered SWNTs could be used to organize the LCP via
kinetic seeding of homogeneous liquid crystal domains from an
LCP melt.”

Other major challenges for the fabrication of CNT-reinforced
polymer composites are optimizing the processing steps and
reducing the manufacturing cost. Among various processing
techniques mentioned above, hot press molding coupled with
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Figure 1. Parmax liquid crystalline polymer (LCP) molecular structure.

layer-by-layer assembly method has shown great potential to-
ward fabricating high performance polymer composites for
industrial applications at lower processing costs, which can
facilitate commercial scale-up.”®

In this study, we demonstrate the integration of well dispersed
CNT BP in LCP matrix for the first time. Moreover, our
approach is different from the previous reported works men-
tioned above because the CNT networks are first employed and
then incorporated in the preformed LCP matrix as fillers. In the
earlier works, only the nanotubes themselves form LCP order-
ing. The LCP/BP composites were produced using a combina-
tion of hot press molding and simple lay-up assembly of LCP
and BP layers. The effectiveness of fabrication process, mechani-
cal, thermal, and electrical properties of the resultant samples
are studied and analyzed.

EXPERIMENTAL

Materials

Multi-walled carbon nanotubes (MWNTs) purchased from
Nanocomp Technologies Inc. (Concord, NH) consist of milli-
meter-long, high purity (>90 wt %) and small-diameter (~ 3-8
nm) MWNTs with a range of 2—5 walls, providing a aspect ratio
up to 1000.%

The LCP used was poly[(benzoyl-1,4-phenylene)-co-(1,3-phenyl-
ene)| trademarked as Parmax®, batch number as 1200 and was
obtained from Mississippi Polymer Technologies Inc. Parmax is
a copolymer of para-linked benzophenone and meta-linked
unsubstituted phenylene units,** as shown in Figure 1. These
copolymers are commonly referred to as self-reinforced poly-
mers (SRPs) because of their intrinsic high strength and modu-
lus without addition of a reinforcing agent. Parmax has high
mechanical strength and stiffness, and outstanding thermal sta-
bility. The tensile strength of neat Parmax is ~ 207 MPa, rock-
well hardness (80 B), tensile modulus (5.5 GPa), and molecular
weight (26,900-30,000).>" All materials were used as received
without further purification or treatment.

Preparation of MWNT Buckypaper

The MWNTs were first made into BPs, which are thin films of
preformed nanotube networks.”> Aqueous suspensions were pre-
pared by mixing the MWNTs with suitable surfactant and dis-
tilled water under ultrasonic power 85 W/m® for about 60
min.**** These nanotube suspensions, which can remain stable
for more than two months, were pumped through a nylon filter
membrane. After filtration, the MWNT BP was peeled from the
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Figure 2. Schematic diagram of preparation of laminate structure Parmax/BP composites.

filter membrane. Finally, the BP was thoroughly washed with
isopropanol to remove the adsorbed surfactant, resulting in a
thin membrane with 10-25 pm thickness.

Composite Preparation

Firstly, the as-received Parmax pellets were hot pressed in a 10
ton hydraulic Carver press (Wabash, IN), a 5 cm x 5 cm Teflon
plate mold was used to produce the Parmax films and the thick-
ness of Parmax film was approximately of 0.5 mm. Secondly,
the MWNT BP and Parmax films were carefully laid up in vari-
ous laminate configurations, respectively as shown in Figure 2.
For example, the sample Parmax/BP-2 comprised BP/Parmax/
BP sandwich structure via layer-by-layer assembly.”® Finally, the
different Parmax/BP laminates were held tightly by pressing of
~ 2000 psi at 270°C for 30 min under a 5 cm x 5 cm Teflon
plate mold, respectively, which was then allowed to cool to
room temperature. The composite films with different Parmax/
BP laminates and 0.5-2.3 mm thick were obtained using layer-
by-layer assembly method. The layer-by-layer assembly method
allowed the flexibilities to control the contents of CNTs in the
composite film, the overall thickness, and the distance between
the individual nanotubes.®® In this study, no distinct interfaces
between layers were observed due to full infiltration of LCP into
BP under pressing. The weight fraction of MWNTs in each
composite film was calculated using the weight of the BP di-
vided by the total mass of the final composite samples, as
shown in Table L

Characterization

Scanning Electron Microscopy. Scanning electron microscopy
(SEM) measurements were performed with a field emission
scanning electron microscope (JEOL 7401F) using a voltage of
10 kV. The cross-sections were attained by brittle fracture of the
composite in the direction parallel to the shear flowing
direction in liquid nitrogen, and then the samples were sputter

Table I. Parmax/Buckypaper (BP) Composite Sample Parameters

MWNT Thickness MWNT content
Sample name BP layers (mm) (wt %)
Parmax/BP-2 2 0.55 1.13 +0.15
Parmax/BP-3 3 1.32 2.57 = 0.24
Parmax/BP-4 4 1.63 462 =045
Parmax/BP-5 5 2.24 6.23 = 0.30
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coated with an Au-Pd alloy, at a covering time of 120 s at
20 mA.

X-Ray Diffraction. Wide- and small-angle X-ray diffractograms
(SAXS, WAXD) were obtained using a Brucker Nanostar diffrac-
tometer with an IuS microfocus X-ray source, which was
equipped with a Histar 2D Multiwires SAXS detector and a Fuji
Photo Film FLA-7000 scanner at ambient temperature. SAXS
profiles were calibrated with silver behenate and WAXD pat-
terns with corundum. Both standards were obtained from
Brucker.

A characteristic feature of X-ray patterns from a uniaxial ori-
ented sample is the presence of arcs. The azimuthal width of
the arcs provides information about the degree of the orienta-
tion of the respective scattering planes. The relative intensity
along the azimuthal, (I(y})), at 20 is related to the orientation
distribution function (ODF) of the scattering planes. Approxi-
mating the ODF as a Legendre polynomial series in cos V¥, the
Herman’s orientation parameter Sy4 (sometimes referred to as
P,) is the second moment average of the ODF and expressed as:

2
o= 3(cos” ) — 1 N
2
For uniaxial orientation, S; assumes values from —0.5 to 1. A
value of —0.5 reflects perfect alignment in the plane perpendic-
ular to the uniaxial direction; 0 reflects random orientation;
and 1 reflects alignment along the uniaxial direction.””

Thermogravimetric Analysis. The thermal stability of the com-
posites was analyzed using thermogravimetric analysis (TGA).
The measurements were carried out with a TA Instruments TA-
Q50 at a heating rate of 10 °C/min under a nitrogen atmos-
phere. The analysis was performed on samples with an average
mass of 10 mg from room temperature to 800°C.

Differential Scanning Calorimetry. The phase transition
behavior of the composites was investigated using differential
scanning calorimetry (DSC) under nitrogen flow. The DSC used
was TA Instruments TA-Q100. Samples of approximately 10 mg
were weighed and sealed in standard aluminum sample pans.
Prior to the heating and cooling scans, the composites were
melted at 300°C and maintained at this temperature for 5 min
in order to eliminate the thermal history of the material. They

were then cooled from 300°C to 40°C at a rate of 10 °C/min,

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38209
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Figure 3. SEM images of (a) CNT BP displaying uniform dispersion, (b) surface morphology of a 5 layer LCP/BP composite sample (Parmax/BP-5), (c)

cross-sectional morphology of a 5 layer LCP/BP composite sample (Parmax/BP-5).

and then heated from 40°C to 300°C at 10 °C/min to conduct
the measurements.

Dynamic Mechanical Analysis. The mechanical performance of
the composites was studied using dynamic mechanical analysis
(DMA) on a TA Instruments DMA Q-800. Rectangular shaped
samples of 19.5 mm long, 4 mm wide, and thicknesses as
detailed in Table I were mounted in a large tension clamp.
Measurements were performed at a fixed frequency of 1 Hz in
the tensile mode. For each sample, the temperature was ramped
from 50°C to 250°C, at a 2 °C/min heating rate.

Tensile Properties. Tensile properties of the composite samples
were measured using a Shimatsu AGS-] materials testing system
(Kyoto, Japan) at room temperature (23 *= 2)°C, (40 = 5)%
relative humidity, with a crosshead speed of 1 mm/min on a
500 N load cell. Dog-bone shaped specimens (Type V) as speci-
fied in the ASTM standard D638 were cut parallel to the poly-
mer shear flowing direction. The samples were conditioned for
24 h prior to obtaining the experimental measurements, and at
least three specimens of each composite type were tested to
ensure reproducibility.

Electrical Conductivity. Electrical conductivity was measured
with Keithley 2000 (Cleveland, OH) multimeters and a DC volt-
age/current source using the four-probe method through the
computer controlled LabVIEW program. A typical DC bias volt-
age of 20 mV to 1 V was applied across the composite films,
and the output current was monitored and recorded. The corre-
sponding electrical conductivity (o) was calculated and
expressed as:

1 L
oc=—

= 2
py RxWxt @

Here ¢ is the measured conductivity and p;, L, W, and ¢ are the
bulk resistivity, length, width, and thickness of the sample,
respectively.

RESULTS AND DISCUSSION

Microstructure Analysis
The surface and cross-sectional morphologies of the composite
samples were investigated using SEM. Uniform CNT dispersion
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and good adhesion between the CNTs and the Parmax matrix
can be seen in Figure 3. The surface morphology of the MWNT
BP without any treatment was also seen in Figure 3(a). From
Figure 3, the CNTs appear to be homogeneously dispersed with-
out aggregation in the Parmax matrix. The CNTs also appear to
exhibit orientational alignment most likely due to strong inter-
actions with LCP chains during the fabrication process.’® Par-
max molecular chain is highly aromatic, and this high degree of
aromaticity attributes to the high chain stiffness. Moreover, the
strong “m-stacking” between CNT and Parmax coupled with the
Parmax smectic morphology helps to disperse and align CNTs
during the flow stage of processing.’® Therefore, the aromatic
ring structure of Parmax is able to strongly interact with the
nanotube surface through intermolecular overlap m-stacking.

Moreover, in the melt during the process, the LCP molecules
tend to align themselves along the flow direction, and there is a
shear contribution in the flow. Simultaneously, the randomly
distributed BP layers are well aligned along the shearing direc-
tion induced by the LCP molecules and well-oriented LCP/BP
composite films are formed by a simple hot pressing.”®* The
CNT alignment among the LCP matrix can be observed clearly
in Figure 3(b,c). Good wetting and adhesion of the CNTs with
the LCP were also apparent, indicating a strong interaction and
compatibility between the CNTs and the polymer matrix.

X-Ray Diffraction Analysis

Figure 4 shows the integrated X-ray diffraction intensity of pure
Parmax and Parmax/BP composites, where the peak maximum
correlates to the average lateral spacing between polymer chains.
As seen in Figure 4, the wide peak of Parmax at 19.93° was
observed,*® and the corresponding 0.445 nm d-spacing was cal-
culated. While introducing BP into Parmax, it can be seen that
the relative intensities of MWNT diffraction peaks increase with
increasing MWNT concentration. Thus, the Parmax/BP-5 com-
posites sample showed a strong diffraction of the (002) crystal
planes of MWNTS, as shown in Figure 4,"" with a 0.336 nm cal-
culated d-spacing. When the nanotubes have preferred orienta-
tion, the Bragg intensities will be concentrated at two spots at
the intersections of the plane defined by K; (incident X-ray
beam) and Qy, (reciprocal space vector), and the powder ring,
as shown in Figure 5.*' Figure 6 depicts a 2D WAXD pattern
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Figure 4. Integrated X-ray diffraction intensity of neat Parmax, Parmax/
BP-2 nanocomposite (1.13 wt % MWNT), and Parmax/BP-5 nanocompo-
site (6.23 wt % MWNT).

for Parmax/BP-5 composite where two pairs of intense Bragg
arcs can be observed. These two pairs of diffractions can be
assigned as the Parmax and MWNT, respectively. From Figure
6, the location of the Bragg arcs with respect to the incident
beam indicated the longitudinal axes of the nanotubes are paral-
lel to the molecular chain direction of the polymer.*?

To confirm this indication, the 2D WAXD intensity data were
integrated along the 2@ axis and plotted as I versus azimuth ¥
after subtracting out the background intensity, as shown in Fig-
ure 7. Figure 7 shows two distinct peaks, which were found to
be centered at y = 0° and 180°. The fitted full width at half
maximum of Parmax/BP-5 nanocomposite was 55° and the
Herman’s orientation factor described above was calculated to
be 0.72. This suggests that the confined nanotubes were aligned
parallel to the molecular chains of the Parmax during the hot
press processing. A shearing force may be generated during hot
pressing, causing the induced orientation for both the CNTs
and Parmax chains as illustrated in Figure 8, which enhances
the stress transfer between the polymer and the nanotubes, thus
leading to the improvements in the strength and Young’s
modulus.”®

-
AK = Qo2
dooa
Incident
—
Beam. K;

Diffracted

Aligned Carbon
Nanotube

Figure 5. Schematic of X-ray diffraction of a MWNT demonstrating
Bragg’s law. Perpendicular to the longitudinal axis of the MWNT, the inci-
dent beam (Kj), diffracted beam (Kj), and reciprocal space vector (Qqo,)
lie on the same plane.
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Figure 6. 2D WAXD pattern image of the Parmax/BP-5 nanocomposite
(6.23 wt % MWNT). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Thermal Stability

Figure 9 displays and compares the effects of increased concentra-
tion of MWNTs on the thermal stability of the composites to the
neat Parmax sample. The decomposition under an inert environ-
ment (nitrogen) takes place in a single stage for all samples. This
single stage decomposition process may involve decarboxylation,
decarbonylation, and dehydration.*” The aromatic structure
remains as the residue goes up to very high temperature.** The
weight loss of the Parmax/BP composites at high temperatures is
primarily attributed to the breakdown of the polymer chains. Fig-
ure 9 indicates the neat Parmax begins to degrade at approxi-
mately 486°C. The degradation temperature (T, consistently
increases with increasing MWNT concentration (Parmax/BP-2 :
503°C, Parmax/BP-3 : 524°C, Parmax/BP-4 : 558°C). The T, of
the Parmax/BP-5 sample (6.23 wt % MWNT) displayed a T, of
583°C, an approximate 100°C increase compared with the neat
Parmax control sample. The increase in T, with increasing
MWNT concentration indicates improved thermal stability of the
composites compared with the neat Parmax. At 800°C, Parmax
has residual weight around 1.23% and Parmax/BP-2 shows

Intensity (a.u.)

T T T T T T T T M T T T T T T 1
-100 -50 0 50 100 150 200 250 300
Azimuth Chi (degree)

Figure 7. Integrated 2D WAXD intensity displaying the azimuth peaks for
nanotubes in the Parmax/BP-5 nanocomposite (6.23 wt % MWNT).
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Figure 8. Schematics of nanotubes parallel to the molecular chain direc-
tion of the polymer after hot press processing.

residual weight of 2.54%, which increased after the introduction
of MWNTs into LCP. The Parmax/BP-3 shows a residual weight
of around 4.46%, which further increased to 5.61% for Parmax/
BP-4 and 8.06% for Parmax/BP-5. This finding suggests that
MWNTs have a positive influence on the thermal stability of LCP.

The presence of polymer chains near the nanotube molecular
surface may hinder polymer degradation due to molecular inter-
actions, which may noticeably decrease molecular chain mobil-
ity,*” and thus result in the increased shift of the T of the com-
posite samples to higher temperature. Another explanation for
the increased thermal stability of the polymer composites may be
credited to the effects of increased thermal conductivity with
increasing MWNT concentration.*® This increased conductivity,
due to the presence of thermally conductive nanotubes, facilitates
heat dissipation within the composite and therefore increases the
overall thermal stability."® From the experimental results, it can
be proved that Parmax nanocomposites reinforced with small
quantity of MWNTs performed better in regards to thermal sta-
bility and lower degradation rate compared with neat Parmax.

Phase Transition Behavior
DSC was used to evaluate the effects of MWNTs on the phase
transition behavior of the Parmax/BP composites, as shown in

100 — -
80
SR
=
K=
(7}
=
40
Parmax
----- Parmax/BP-2
204 - — —Parmax/BP-3
—-—- Parmax/BP-4
---=- Parmax/BP-5
0 T T T T T T T 1
0 200 400 600 800

Temperature (°C)

Figure 9. TGA degradation trend of Parmax/BP composite samples com-
pared to neat Parmax indicating the effect of MWNT concentration on
the degradation temperature.
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Figure 10. DSC trends showing the effect of MWNTs on the phase transi-
tion behavior of the Parmax/BP composites compared to the neat
Parmax.

Figure 10. The neat Parmax sample had a glass transition tem-
perature of approximately 155°C and a smectic phase melting
transition of approximately 270°C.*” In the smectic phase, the
MWNTs tended to align in the orientation of the polymer
chains due to the LCP molecule chain alignment, thus the proc-
essing temperature for composite fabrication during the hot
press molding was conducted at 270°C corresponding to the
smectic phase of the polymer.

The glass transition temperature (T,) of each Parmax/BP com-
posite sample was determined using DSC. The T, was observed
to increase with the increasing MWNT concentration, as shown
in Figure 10. For example, Parmax/BP-5 (6.23 wt % MWNT)
had a T, of approximately 190°C, while the neat Parmax had a
T, of approximately 155°C. This increase correlated to the pres-
ence of molecular interactions between the Parmax LCP and the
MWNTs of the BP. The nanotubes may be restricting the poly-
mer chain mobility, causing an increase in the T, This effect
can also be understood in terms of decreasing free volume of
the polymer due to possible strong “zr-stacking” interactions.*

The steady increase in T, with nanotube concentration may also
be due to the formation of a secondary CNT network structure
in addition to the primary entanglement of the polymers, caus-
ing immobilization of the polymer chains at elevated tempera-
tures.*® In addition, the presence of MWNT agglomerations in
polymer composites has been reported to lead to a decrease in
the Tg49; therefore, the increase in the T, with relatively high
nanotube concentration, as seen in this work, may suggest the
absence of significant agglomerations.

Dynamic Mechanical Properties

In terms of mechanical performance, the storage modulus of a
polymer can be used to describe its stiffness. The storage modu-
lus of the composite samples dramatically increased with the
incorporation of a relatively small amount (1.13 wt % MWNT)
of MWNTs in the Parmax matrix, as shown in Figure 11. Over
most of the temperature range tested, the storage modulus
increased with increasing nanotube concentration. This indicates
that the presence of MWNTs enables the polymer matrix to sus-
tain its stiffness at a higher temperature range (near the T,)."
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Figure 11. DMA trends showing the effect of MWNT concentration of
the composite samples on the storage modulus, compared to neat
Parmax.

The Parmax/BP-5 composite sample (6.23 wt % MWNT), for
example, showed an increase in storage modulus of approxi-
mately 400% (21,800 MPa) at room temperature compared to
the neat Parmax sample (4463 MPa). This increased storage
modulus is attributed to the effect of the homogeneous disper-
sion of MWNTs in the LCP matrix coupled with significant
nanotube/polymer interactions, resulting in the enhanced adhe-
sion between the MWNTs and the matrix. The storage modulus
of polymer matrix composites was also shown to be strongly de-
pendent on polymer microstructure and crystallinity. By cou-
pling the DMA results with the DSC results, it can be concluded
that the increase in the storage modulus of the composite sam-
ples was also influenced by the polymer matrix crystallinity.’® In
addition, From X-ray diffraction results, the Parmax/BP-5 com-
posite showed the higher diffraction intensity compared to neat
Parmax. Thus, for the Parmax/BP-5 composite, the percent crys-
tallinity became higher with increasing MWCNT concentration.
It indicates that MWNTs promoted the crystallization of Par-
max LCP, which was more prominent in the enhancement of
storage modulus in Parmax/BP-5 composite with 6.23 wt %
MWNTs.*

Tensile Properties

Table II and Figure 12 show the effects of MWNT BP on the
mechanical properties of the composites. Figure 11 shows that
the presence of MWNTs improved the tensile properties com-
pared to the neat Parmax sample. The Young’s modulus and

Table II. Mechanical Properties of Parmax/Buckypaper (BP) Composite
Samples

Young's Tensile Elongation
Sample name modulus (GPa) strength (MPa)  at break (%)
Neat Parmax 392 +1.02 1825+ 954 595+ 132
Parmax/BP-2 6.20 + 211 2354 + 543 420+ 1.03
Parmax/BP-3 9.93 =149 2989 =102 3.25=+ 0.54
Parmax/BP-4 16.7 =+ 313 334.1 131 246+ 0.96
Parmax/BP-5 33.4 =254 3873 *=16.7 137 +0.32
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Figure 12. The effect of MWNT concentration on the stress—strain curves
of Parmax/BP nanocomposites compared to neat Parmax.

tensile strength for the neat Parmax were approximately 3.92
GPa and 182 MPa, respectively, which are in agreement with
the manufacturer datasheet.’® As the MWNT concentration
increased, the Young’s modulus and tensile strength of Parmax/
BP-5 both significantly increased, up to a 750% (33 GPa) and a
110% (390 MPa), respectively, compared to those of the neat
Parmax sample. However, the elongation at break, which is a
direct indicator of a material’s toughness, decreased sharply
with the increasing MWNT content which is also due to an
increased restriction of LCP molecular chain mobility.

Figure 13 shows the cross-sectional fracture of the Parmax/BP
composites after tensile testing. This further verifies the disper-
sion quality and the reinforcing mechanism of the MWNTs.
The well-dispersed lines seen in Figure 13 are the ends of the
fractured MWNTs. This failure mechanism indicates adequate
load transfer to the MWNTSs as opposed polymer matrix failure
and nanotube pull-out characteristics. Moreover the polymers
still remain on the pull-out nanotubes after tensile testing, as
shown in Figure 13(b). This kind of nanotube fracture upon
tensile testing reflects a strong interfacial adhesion between the
MWNTs and LCP matrix, allowing for adequate load transfer
from the polymer matrix to the nanotubes.”

By adding a small amount of MWNTs (6.23 wt %) in the Par-
max LCP resin, we can achieve a significant improvement in
mechanical properties, compared to other cases where thermo-
setting and non-LCP thermoplastics, such as polycarbonate and
polyamide, were used.”® This is potentially due to a combina-
tion of several factors, including homogenous dispersion of
MWNTs, strong interfacial adhesion due to 7m-stacking interac-
tion,” and the alignment of MWNTs and LCP chains in the
LCP matrix. The aligned packing of the MWNTs with the LCP
matrix improved the load transfer due to enhancing the interfa-
cial bonding between the LCP matrix and the MWNTs.

Electrical Conductivity

CNTs are an excellent candidate for use in conductive nano-
composites due to their high electrical conductivity and high
aspect ratio. The dispersion and alignment of MWNTs in the
polymer matrix is known to play an important role in

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38209
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Figure 13. SEM morphology of the cross-sectional fracture surface of the Parmax/BP nanocomposite after tensile testing: (a) low magnification, (b)

high magnification.

determining the electrical properties of the polymer composites
directly. Compared to carbon black and conventional conduc-
tive carbon fibers, MWNTs can form the conductive pathway in
polymer composites at a relatively low volume fraction as they
possess very high aspect ratio, generally in the range of 100—
1000.>" Figure 14 shows the electrical conductivity of the Par-
max/BP nanocomposites as a function of the MWNT concen-
tration. Parmax is an insulator with an electrical conductivity of
approximately 107" S/cm. As seen in Figure 14, the electrical
conductivity of composite was dramatically enhanced by intro-
duction of BP. When two layers of CNT sheets were added to
the Parmax (Parmax/BP-2, 1.13 wt % MWNT), the conductivity
increased to 13.14 S/cm, an enhancement of approximately 13
orders of magnitude compared to that of the neat Parmax.
When five layers of CNT sheets were added (Parmax/BP-5, 6.23
wt % MWNT), the conductivity was enhanced to approximately
100.23 S/cm. The conductivity of the Parmax/BP-5 sample was
significantly higher than that of composites containing low wt
% CNT content by using regular mixing dispersion approach.”
These high conductivity measurements may attribute to the
MWNT alignment and the dense packing of MWNT BP, leading
to better contact among the nanotubes.

100
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Figure 14. Effect of MWNT concentration on electrical conductivity of
Parmax/BP nanocomposites compared to neat Parmax.
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CONCLUSIONS

In this study, the Parmax/BP composites were prepared using
layer-by-layer assembly and hot press method. The thermal, me-
chanical, and electrical properties of the resultant samples were
characterized. The highly aromatic structure of Parmax contrib-
uted to more intense interactions between the polymer chains
and the CNTs in the BP. SEM and X-ray characterizations
revealed a highly dispersed and aligned network of MWNTs
within the LCP matrix. The thermal properties of the composite
increased significantly with the increasing MWNT concentration
compared to the neat Parmax sample. The improvement in the
composite mechanical properties compared to the neat polymer
was primarily due to strong interfacial adhesion between the
MWNTs and the LCP matrix, and the induced CNT and polymer
chain alignment. With the addition of five layers of BP (6.23 wt
% MWNT), the tensile strength and modulus of the nanocompo-
site improved by 110% and 750%, respectively. The incorporation
of BP also produces a conductive network even at low nanotube
concentration (1.13 wt % MWNT), leading to a high electrical
conductivity of approximately 100.23 S/cm (Parmax/BP-5, 6.23
wt % MWNT) for potential multifunctional applications. The
ongoing work is directed toward the further simulation and
investigation of CNT aligning behavior in Parmax/BP composite
and 7-stacking interaction induced alignment as well.
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