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A thermotropic liquid crystalline polymer (LCP) was blended with polycarbonate (PC) and multiwalled carbon nanotube (CNT)
with the goal of improving electrical conductivity and mechanical properties over PC. The LCP was anticipated to produce fibrillar
domains in PC and help improve the mechanical properties. The study was carried out using two grades of LCP—Vectra A950
(VA950) and Vectra V400P (V400P). The compounds contained 20 wt% LCP and 0.5 to 15wt% CNT. The compounds were
prepared by melt-blending in a twin-screw minicompounder and then injection molded using a mini-injection molder. The
fibrillar domains of LCP were found only in the case of PC/VA950 blend. However, these fibrils turned into droplets in the presence
of CNT. It was found that CNT preferentially remained inside the LCP domains as predicted from the value of spreading coefficient.
The electrical conductivity showed the following order with the numbers in parenthesis representing the electrical percolation
threshold of the compounds: PC/CNT (1%) > PC/VA950P/CNT (1%) > PC/V400P/CNT (3%). The storage modulus showed

improvements with the addition of CNT and VA950.

1. Introduction

Opver the last two decades, blends of thermoplastic polymers
with liquid crystalline polymer (LCP) received considerable
interests from both academic and industrial researchers.
The dispersed LCP domains tend to elongate during melt
processing and subsequently form aligned fibrils capable
of reinforcing the matrix polymer. The aligned fibril for-
mation in these in situ composites greatly depended on
the choice of polymer matrix and the selection of proper
processing conditions. The droplets, short fibrils, networks
of droplets and fibrils, and continuous fibrous LCP structures
in thermoplastic polymers have been reported [1-7]. The
research on in situ composites mainly dealt with unique
morphology and consequent enhancement of mechanical
properties, while those addressing the electrical properties
are limited [8-10]. In this context, introduction of carbon

nanotubes (CNTs) in thermoplastic polymer/LCP blends can
offer additional improvements in mechanical properties in
addition to offering excellent electrical and thermal conduc-
tivity. However, high cost and limited availability of CNTs
often serve as deterrent to development of more widespread
applications of composites containing CNTs. In this study,
CNTs were introduced in blends of polycarbonate (PC) and
LCP with the aim of obtaining synergistic effects, such as
strong mechanical properties from fibrillar LCP domains and
electrical conductivity from CNTs. The interplay of CNTs
with the morphology of PC/LCP blends or the possibility of
selective localization of CNTs in PC or LCP was not known
a priori. A summary of existing literature on electrically
conductive immiscible blends, especially those of carbon
black, carbon nanofibers (CNFs), and CNTs is presented
below.



Immiscible polymer blend systems have been effec-
tively used in the production of electrically conductive
composites via preferential localization of the conductive
fillers, for example, carbon black, in one of the phases
[11-14]. This gives rise to double percolation—whereby
electrically conductive percolation networks develop in one
of the cocontinuous phases. This phenomenon was mostly
observed for blends with close to 50:50 weight ratios of
the component polymers. Dharaiya and coworkers recently
exploited chaotic mixing conditions to produce fibrillar
morphology of polypropylene (PP) in blending of 90 parts
by weight of polyamide 6 (PA6) with 10 parts by weight of PP
and used the cocontinuous fibrils of PP to obtain electrically
conductive PP/PA6 compounds at only 1wt% conductive
grade carbon black [15].

Other researchers also exploited the preferential local-
ization concept in immiscible blends filled with carbon
nanofibers [16, 17], or CNTs [18-21], and reported success
in terms of much reduced electrical percolation threshold
compared to individual polymer compounds. A schematic
representation of the double percolation phenomenon in
involving CNTs is shown in Figure 1. Potschke et al.
[18, 19] studied electrical conductivity of polycarbonate
(PC)/polyethylene blends filled with CNTs and claimed
that CNT connected the two polymer phases. The result-
ing composites showed electrical percolation threshold at
0.41 vol.% CNT. Potschke et al. [20] used metallocene-based
complex for in-situ polymerization of ethylene directly from
the CNT surface which resulted in good filler dispersion
upon blending with polycarbonate and reduced the electrical
percolation from 0.75 to 0.25 wt%.

It should be noted that the key factors governing the
preferential localization of typical fillers are thermodynamic,
kinetic, and polymer melt viscosity [22]. Thermodynamic
considerations state that the filler might reside in one of
the polymer phases or at the interface as a result of the
overall free energy of the existence of three types of interfaces:
polymer 1/polymer 2, filler/polymer 1, and filler/polymer 2.
Thermodynamically, the filler location might be predicted
from the spreading coefficient parameters [23]. Kinetic
effects, on the other hand, are related to the mixing process.
An equilibrium state of filler dispersion may not be reached
in typical mixing experiments due to high viscosity of the
polymers. If the system is quenched before reaching an
equilibrium state of filler dispersion, incomplete migration
of the filler to the thermodynamically favored phase may
result [24]. Another important factor is the melt viscosity
of the blend component. It has been reported that the melt
viscosity factor promotes the localization of filler in a less
viscous phase [21, 22, 24].

The concept of selective localization was used in this
study to develop electrically conductive in situ composites of
LCP in PC. It was hypothesized in view of fibrillar domains of
LCP that the selective localization of CNTs in the continuous
LCP fibrils would facilitate the anisotropic electrical conduc-
tivity in PC/LCP blends and consequently reduce the electri-
cal percolation threshold compared to PC/CNT composites.
Continuous fibrils of LCP have been observed previously in
blends of polycarbonate [2], polypropylene [25], poly(ether
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FIGURE 1: Schematic showing double percolation phenomena for
carbon black-containing polymer composites.

imide) [26], and polyamide 66 [3], with LCP content in the
range of 15-35 wt%. Mukherjee et al. [27] recently reported
improvements in mechanical properties of PC/LCP blends
in the presence of up to 5wt% carboxylated CNTs and
attributed such improvements to compatibilization effects
produced by hydrogen bonding interactions between the
COOH groups on CNTs and the carbonyl groups in PC and
LCP. These authors observed much smaller droplets of LCP
phase with the increase of CNT concentration. Although not
explicitly stated in their paper, such interactions would be
most effective if carboxylated CNTs remained at the PC-LCP
interfaces. Electrical conductivity also showed an increase
from an insulator at 1 wt% loading of caboxylated CNT to
conductive composite with volume electrical conductivity
of approximately 5.5 x 107> S/cm and 6.5 x 107 S/cm,
respectively, at 3 wt% and 5wt% CNT. Bose et al. observed
higher percolation threshold in the cocontinuous polyamide
6 (PA6)/acrylonitrile-butadiene-styrene (ABS) blends con-
taining CNTs compared to the ABS/CNT composites [28].
They found that the nanotubes preferentially resided in PA6
as PA6 displayed a closer value in surface energy as well as
a lower melt viscosity. The authors explained their results in
terms of good wettability of CNTs by insulating PA6 that led
to the suppression of electrical conductivities observed in the
PA6/ABS/CNT system.

In this contribution, PC/LCP blends were produced with
20wt% LCP and the rheological, morphological, electrical,
and mechanical properties of the resultant PC/LCP/CNT
composites were characterized. The morphological changes
in the blends caused by the introduction of CNTs were
related to the changes in viscosity and the consequent reduc-
tion of electrical conductivity. Several specific questions were
answered in this work, which were not addressed in the work
of Mukherjee et al. [27, 29]. First, it was not clear from the
outset if unmodified CNTs would remain at the interface,
move to either the LCP or PC domains, or distribute both
in PC and LCP domains in the blend. The images provided
in Mukherjee et al. [27] and taken via a high-resolution
transmission electron microscope were inconclusive about
the location of CNTs. Specific knowledge of CNT localization
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TasLE 1: Physical properties of the materials used.

Glass Meltin
. Density transition 8 Melt flow index
Materials 5 point, .
(g/cm?’) temperature, T, Q) (g/10 min)
T, (°C) "
18
p _
C 1.20 149.4 (300°C/1.2kg)
14
400P
V400 1.40 110 225 (230°C/2.16 kg)
Not available
VA950 1.40 100 280 from the
supplier?
0.13-0.15
NT — — _
¢ (bulk density)

“The melt flow index of VA950 cannot be measured under the test conditions
as stated by the manufacturer.

in LCP or PC domains would in turn help rationalize the
trend of electrical conductivity of the blends. Second, the
impact of the feeding sequence on the distribution of CNTs
in the PC and LCP phases should be examined. Specifically,
CNT was first compounded with LCP and the resultant
blend was mixed with PC. In another experiment, CNT was
compounded first with PC and then with LCP.

2. Experimental

2.1. Materials. Polycarbonate was supplied by SABIC Inno-
vative Plastics (Mt Vernon, IN) as Lexan 121. Two grades
of LCPs—VA950 and V400P were obtained from Ticona
(Florence, KY). The multiwalled carbon nanotube was
obtained in the form of Baytubes, C-150P of approximate
diameter 13nm and length > 1ym from Bayer Materi-
alScience (Pittsburgh, PA). A selection of properties of these
components is listed in Table 1.

2.2. Composite Preparation. Compounds were prepared in
a twin-screw, minicompounder (HAAKE MiniLab) at 290°C
for neat PC and PC/V400P/CNT, and at 300°C for
PC/VA950/CNT, with a rotational speed of 60 rpm. All the
components were dried in a vacuum oven at 120°C for 8 hrs.
The feeding sequence was as follows: PC and CNT were
melt-mixed in a minicompounder for 5 minutes, taken out,
then melt-mixed again for 5 minutes with the addition of a
certain amount of an LCP. Samples with the prefix “REV”
are of the reversed mixing sequence, where CNT was first
mixed with LCP followed by mixing the compound with
PC. The composite compositions were kept the same in both
sequences.

Injection-molded samples were prepared using a
mini-injection-molding machine from DSM research
with the injection-molding temperature and mold
temperature of, respectively, 310°C and 150°C for PC,
V400P and PC/V400P/CNT, and 300°C and 80°C for
VA950 and PC/VA950/CNT. The injection pressure was
6 X 10°kgm~!s72 for all samples. The injection-molded
rectangular bars were cut into the dimensions of 36.0 mm X

120mm X 2.0mm and 30.0mm X 6.5mm X 2.0 mm for
the determination of electrical conductivity and dynamic
mechanical properties, respectively. The discs of PC, V400P,
and VA950 with 28 mm diameter and 0.8 mm thickness were
used in measurements of contact angle.

3. Characterization

The rheological properties of the samples were investigated
using ARES (TA Instruments) rotational rheometer. The
frequency sweep measurement was performed with 25 mm
parallel plate geometry, in oscillatory shear mode, and
a fixed strain amplitude of 2%. A Rame-Hart contact
angle goniometer (Model 100-00) operating at 1atm and
a temperature of 24 + 2°C was used for measurement
of contact angle of two reference liquids, di-iodomethane
and deionized water. A Keithley sub-Femtoamp Remote
SourceMeter four-point conductivity probe (model 6430)
was used for measurement of electrical conductivity of
the compounds with a current of 10yA for low resistivity
samples and a voltage of 100V for high resistivity samples.
The morphology of LCP in PC/LCP/CNT compounds was
examined by scanning electron microscopy (SEM, JEOL SM-
71510) and transmission electron microscopy (TEM, Tecnai
12 TEM). For this purpose, PC was dissolved by immersing
the blends in chloroform at room temperature for 12 h and
the LCP residue was recovered by filtration. Therefore, all
SEM images presented in this paper show only the LCP
phase. The dynamic mechanical analyzer (RSA III) was used
to study the mechanical response, such as storage modulus
and loss modulus of the samples at temperature ranging from
35°C to 200°C and a heating rate of 4°C/min. These tests
were conducted in single point bending mode with a fixed
strain of 0.2% and a vibration frequency of 1 Hz.

4. Results and Discussion

4.1. Melt Rheology. The melt rheological response in fre-
quency sweep was recorded at two temperatures according
to the injection molding conditions, that is, 300°C for
the systems comprising of VA950, and at 310°C for those
comprising of V400P. As evident in Figures 2(a) and 2(b),
at both temperatures, the PC showed Newtonian behavior
and both LCPs exhibited non-Newtonian behavior, that
is, the complex viscosity (|#*|) decreased with increasing
frequency. It is widely accepted that fibril formation of the
LCP in a thermoplastic matrix is governed by two major
factors—the ratio of viscosity of LCP and the matrix polymer
and the value of interfacial tension between the polymer
components. The LCP with lower viscosity than the matrix
polymer tends to deform into fibrils. In other words, the
viscosity ratio of less than unity is promising for fibrillation
of the LCP phase. In addition, sufficiently low interfacial
tension between LCP and the matrix polymer is also required
for good fibril formation. Also, the LCP content must be
high to yield substantially large LCP domains, which in turn
would facilitate elongation of the LCP domains. It was found
that the values of |7*| of VA950 at 300°C were slightly
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Figure 2: Comparison of complex viscosity for PC, PC/LCP blends, and composites with 5wt% CNT. (a) V400P, measured at 310°C, (b)

VA950, measured at 300°C.

greater than those of PC at very low frequencies (from 0.1
to 0.8 rad/s), and lesser at higher frequencies (from 0.8 to
100 rad/s), indicating that the viscosity ratio of VA950 and
PC was less than unity during injection molding. The blend
of PC with 20 wt% VA950 showed viscosity higher than
the individual polymer components. This can be attributed
possibly to trans-esterification at the interfaces of PC and
VA950 as observed by Tovar et al. [30]. It is also not
surprising that the viscosity increased in compounds with
the addition of CNTs. The viscosity of PC/VA950 with
5wt% CNT was slightly lower than PC with 5wt% CNT
and was greater than VA950 with 5wt% CNT. At 310°C,
V400P exhibited the upward concavity at low frequency
(Figure 2(b)) which is often found in LCP. The V400P grade
of LCP also showed higher viscosity than PC and, therefore,
was expected to form spheres instead of fibrils in PC. As
expected, the viscosity of this LCP also increased in the
presence of CNTs. The viscosity of PC/V400P with 5wt%
CNT was found to be lower than the composites of the
corresponding polymer components containing 5 wt% CNT.
This can be attributed to the lubricating effect of the V400P
domains brought about by immiscibility between a flexible
coil-like polymer such as polycarbonate and a rigid-rod LCP
as supported by arguments from statistical thermodynamics
[31].

4.2. Calculation of Spreading Coefficient. The two-liquid
geometric model was used to calculate the surface energy (1)
[32, 33] of the polymeric solids with the aid of contact angle
measurements:

1/2 1/2
yv(1+cos®) =2(ydydy ) +2(¥fyhy) . ()

In (1), yrv and ys are the surface energies of the reference
liquid and the polymer, respectively, the superscript d refers
to the dispersion part and p refers to the polar part, and 0
is the measured contact angle. It should be noted that the
surface energy is the sum of the dispersion and the polar
parts:

y =y +yP (2)

The interfacial energies (y;;) can be calculated from
the surface energies using two widely used methods—the
geometric-mean equation (3) and the harmonic-mean equa-
tion (4) [34]:

Y2 =y1+y2 - Z(WM + x/yfyé’), (3)

s A )
P I i e L
ity ntn
In (3) and (4), y; stands for the surface energy of the com-
ponent i (i = 1,2), y¢ and y! are the dispersive part and
the polar part, respectively. A fairly successful approach
to predict the morphology of the blends with a matrix
component and two dispersed components was proposed by
Harkins [35]. The Harkins equation predicts the tendency of
a liquid to spontaneously spread across the solid or liquid
substrate using interfacial tension data. It was proposed in
a three component system that component 3 encapsulates
component 1 if the spreading coefficient A3; given in (5) is
positive:

Y12=Y1+Y2—4< (4)

A3l = Y12 — Y32 — V13- (5)

In (5), the three terms on the right are the interfacial
energies between the respective components. Table 2 shows
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TasLE 2: Contact angle of polymers at 25°C.

Contact angle (degree)

Material

Diiodomethane Water
PC 29.2 72.2
V400P 25.3 60.0
VA950 29.9 70.0

TaBLE 3: Surface energies (in mJ/m?) based on the two-liquid
geometric method.

Material 4 yP y Polarity (%)
PC 39.36 6.50 45.86 14.2
V400P 17.56 24.06 41.62 57.8
VA950 38.42 7.79 46.21 16.9
CNT 18.4 26.9 45.3 59.4

the contact angle values measured with di-iodomethane and
water, which were used to calculate the surface energy values
reported in Table 3 using yf, and yf, of the reference
liquids provided by Kaelble [36]. Although there was some
disagreement in literature for the contact angle data for
PC [37-39], and VA950 [40, 41], those values still cover
our experimental values. The surface energy of V400P has
not yet been reported by others and the values for CNT
were taken from [42]. The polarity of the materials was
found in the following order: CNT > V400P > VA950 > PC.
Since the carbonaceous materials tend to localize in more
polar polymers [43], we anticipated that CNT would migrate
towards the LCP phase. The interfacial energy of PC/VA950
was found to be much lower than that of PC/V400P (see
Table 4) suggesting that the former should be a more com-
patible blend than the latter and, therefore, should be more
conducive to fibrillation by LCP. The spreading coefficients
of PC/V400P/CNT and PC/VA950/CNT were found to be
0.92 and 1.45 mJ/m?, respectively, after considering CNT as
component 1, PC as component 2, and LCP as component 3,
and after substituting the interfacial energy values in Harkins
equation. The positive value of A3; indicated that carbon
nanotubes would be encapsulated by the LCP domains. It
should be noted that the discussion in this paragraph was
based on the values of surface tension data obtained at
room temperature. In this context, it is recognized that the
changes in surface tension of most polymers with respect
to temperature were comparable, for example, 0.06-0.08
dyne - cm deg K™! [34, 44, 45].

4.3. Morphology. SEM images of LCP residue extracted from
PC/V400P and PC/VA950 blends are presented in Figure 3.
The V400P phase in injection molded specimens remained
in the form of droplets with the number-average diameter
of 0.61ym and a weight average diameter of 0.67 ym
(Figure 3(a)) as a result of lower viscosity of PC. The average
diameter was computed from the diameter of at least 100
droplets measured from the SEM images.

The as-compounded PC/VA950 blends taken from the
minicompounder also show spherical VA950 domains with

number-average diameter of 0.49 ym and a weight-average
diameter of 0.60 yum (Figure 3(b)). The VA950 domains in
both fibrillar and spherical forms were found in injection
molded specimen as in Figure 3(c). This can be attributed
to lower pressure generated in the mini-injection molder
and low rate of shear in mold filling, typically around
1.0s7!. One may expect more elongated fibrils in a high
speed injection molding process, where the shear rate greater
than 10s™! is typically encountered. First, higher rate of
deformation and second, lowering of the viscosity ratio
at higher shear rate may cause more extensive fibrillation.
Subdued fibrillation and underdeveloped fibrillar structures
of LCP domains may also have resulted from the feeding
sequence. For example, prior mixing of CNT with LCP
increased the viscosity of the LCP phase and hence increased
the viscosity ratio of LCP/PC blends. In this case, only
spherical domains were obtained as seen in Figure 4. Similar
observations were made by Mukherjee et al. [27] in the
presence of carboxylated CNTs. The surface of the droplets
became rough as a result of the presence of LCP-coated CNT
of ~50nm diameter, although the diameter of as received
nanotube was reported to be 13 nm. The mixing sequence
was found to influence both the size and the shape of the
LCP phase morphology. For example, larger and irregular
dispersed VA950 domains were found when CNT was first
mixed with VA950 (Figure 4(c)) compared to those of the
reversed mixing sequence (Figure 4(b)). In the reversed
mixing sequence, CNT increased the viscosity of the PC-
phase and accordingly produced much lower viscosity ratio
of LCP to PC than in mixtures without CNT.

Figure 5 shows the TEM micrographs of the PC/CNT
and PC/LCP/CNT composites. All these samples contained
5wt% of CNT. The PC/CNT composite shows good CNT
dispersion (Figure 5(a)) whereas PC/LCP/CNT composites
(Figures 5(b) and 5(c)) clearly reveal nonuniform CNT
dispersion. The darker areas present in Figures 5(b) and
5(c) in the form of spheroids are actually the LCP domains.
Clearly, the CNTs mainly resided inside the LCP droplets
especially in composites of V400P LCP, in agreement with the
SEM images seen in Figure 4. Some differences are noticeable
in CNT dispersion between the composites PC/VA950/5 wt%
CNT and PC/V400P/5wt% CNT. For example, the TEM
image in Figure 5(c) shows that CNT particles were present
in both PC-phase and inside LCP domains when VA950
was used, while as per Figure 5(b), CNTs were mostly
contained in V400P LCP domains. The interfacial energy
data presented in Table 4 shows that CNT had very close
affinity for PC and VA950 LCP, with interfacial energy of
respectively 10.9 and 9.4 mJ/m?. On the other hand, CNTs
showed more affinity to V400P LCP with interfacial energy of
0.09 mJ/m?. From the melt viscosity point of view, the filler
tends to reside in the less viscous phase. This is in accordance
with the localization of CNTs in the VA950 domains. On the
other hand, the presence of V400P, having higher viscosity
than PC, would result in the suppressed migration of the
nanotubes into V400 phase and thus competing with the
thermodynamic driving force. According to Persson and
Bertilsson, viscosity effects are weak and dominate only when
the difference of interactions between the filler/polymer1 and
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(a)

50 ym

FiGure 3: SEM micrographs of the LCP residues of PC/V400P (a) injection-molded specimen, (b) as-compounded PC/VA950, and (c)
PC/VA950 injection-molded specimen.

1ym

10 ym

FIGURE 4: SEM micrographs of the LCP residues of injection-molded specimen of (a) PC/V400P/5 wt% CNT, (b) PC/VA950/5 wt% CNT,
(c) PC/VA950/5wt% CNT with reversed feeding sequence.
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(c)

1 ym

(®)

0.5 um

FIGURE 5: TEM micrographs of the thin sections of composites with 5 wt% CNT based on the (a) neat PC, (b) PC/V400P, and (c) PC/VA950.
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FiGure 6: The specific conductivity of composites as function of
CNT weight percent.

filler/polymer 2 is small [24, 46]. Since such difference in the
PC/V400P/CNT system is quite large, it is not surprising that
the thermodynamic factor prevailed on the viscosity factor,
that is, the nanotubes selectively localized in V400P domains.

TaBLE 4: Interfacial energies calculated from the geometric-mean
equation and the harmonic-mean equation.

Interfacial energy (mJ/m?)

Material

Geometric-mean equation Harmonic-mean equation
PC/CNT 10.9 20.0
V400P/CNT 0.09 0.18
VA950/CNT 9.4 17.6
PC/V400P 9.9 18.4
PC/VA950 0.06 0.13

4.4. Electrical Conductivity. Figure 6 provides the specific
electrical conductivity of five compounds as function of CNT
content. The electrical conductivity at 5wt% CNT can be
expressed in the following order with the numbers in paren-
theses representing electrical percolation threshold: PC/CNT
(1wt%) > PC/VA950P/CNT (1wt%) > PC/V400P/CNT
(3wt%). In this case, the percolation threshold was taken
as the starting point of sharp rise of electrical conductivity.
In light of the SEM and TEM images presented in Figures
4 and 5, it can be inferred that the nanotube conductive
pathways were destroyed due to subdued fibrillation in the
presence of either type of the LCP. The composites of LCP
and CNT were found to be insulators even when the CNT
content was as high as 10 wt%. Compounds of V400P and
VA950 with up to 15wt% CNT did not produce conductive
composites. Therefore, in addition to restricted fibrillation,
the increase in the electrical percolation threshold as well as
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TABLE 5: Storage moduli, G” at 40°C, for PC, PC/ LCP blends, and composites with 5 wt% CNT.

Material PC PC/CNT V400P V400P/CNT PC/V400P PC/V400P/CNT VA950 VA950/CNT PC/VA950 PC/VA950/CNT

G’ (GPa) 1.58 1.73 4.30 4.83 2.25 1.57 3.05 4.28 1.74 1.83

the lowered electrical conductivity of the blends may result
from encapsulation of the nanotubes with the insulating LCP
as predicted by thermodynamic factors. Similar observation
in blends of ABS/PA6/CNT was reported by Bose et al. [28].

Nevertheless, the composite of PC/VA950P/CNT showed
percolation at 1 wt% CNT loading. This can be attributed to
the presence of CNTs on the rough surfaces of VA950/CNT
domains as seen in Figure 4(b) and corroborated by TEM
image presented in Figure 5(c). A distinct shift in the
percolation threshold to the higher CNT loading was
observed in composites of V400P LCP. Although the melt
viscosity of V400P was significantly higher than that of
the PC matrix, the good affinity between this LCP and
the nanotubes rendered the confinement of a large number
of CNTs within the V400P phase. Consequently, only a
small amount of CNT was available to span the matrix
or to bridge across the LCP domains to form an electrical
percolation network. For blends of PC/VA950/CNT, the
spreading coefficient also predicts the migration of CNTs to
the better-wetting VA950 phase, but not to the same extent
as the blend with V400P. Subsequently, the formation of
the electrical network by CNTs was more favored in the
blend containing VA950 as compared to the one with V400P.
Opverall, the strong insulating properties of an LCP and the
tendency of CNT to localize in the LCP-phase lowered the
values of electrical conductivity when incorporated into the
PC/CNT compounds. The affinity of CNT with both LCPs
was demonstrated very clearly by the electrical conductivity
values of the REV-PC/LCP/CNT composites. Here, CNT was
first mixed with the LCP to obtain composite specimens
REV-PC/V400P/CNT, and REV-PC/V950/CNT. During the
second mixing step with PC, most of CNT remained in
the LCP phase indicating that filler migration to the PC
matrix was not favored. Consequently, these composites did
not show electrical conductivity even at a loading of 5wt%
CNT. These results comply with the SEM image shown in
Figure 4(c).

4.5. DMA Results. Table 5 shows the values of storage mod-
ulus at 40°C of three groups of sample—the neat polymers
(PC, V400P, VA950), the blends of PC with 20 wt% LCP
(PC/V400P, PC/VA950) and the composites of either PC or
LCP with 5wt% CNT (PC/CNT, V400P/CNT, VA950/CNT)
or both PC/LCP with 5wt% CNT (PC/V400P/CNT,
PC/VA950/CNT). The storage moduli at less than 110°C
of compounds containing V400P showed the following
order: V400P/CNT > V400P > PC/V400P > PC/CNT >
PC, PC/V400P/CNT. The most surprising result is the lower
value of storage modulus of PC/V400P/CNT composite
in comparison with PC/V400P blend and V400P/CNT
composite. It was expected that the addition of CNT to
PC/V400P would increase the modulus further in view of
the fact that CNT remained primarily in V400P domains

and that V400P/CNT composite showed higher modulus
than V400P (Table 5). The only possible explanation of this
reduction of storage modulus of PC/V400P/CNT composite
may be attributed to potential degradation of molecular
weight of PC due to longer exposure (10 minutes) to
compounding temperature compared to 5 minutes in other
materials. However, reduction of PC molecular weight was
not verified using chromatographic method. For VA950-
containing compounds, the storage moduli at low temper-
ature show the following trend: VA950/CNT > VA950 >
PC/VA950/CNT ~ PC/VA950 ~ PC/CNT > PC. Once again,
the storage modulus of PC/VA950/CNT composite remained
in the neighborhood of PC/VA950 and PC/CNT, possibly
due to molecular weight reduction of the PC phase, the latter
attributed to longer exposure of PC to high compounding
temperature.

5. Conclusions

Two PC/LCPs blends were designed by adjusting the melt
viscosity ratio and the shear rate used in processing, such
as injection molding to interpret the trends in mechanical
properties and electrical conductivity in terms of CNT
localization in LCP domains, PC phase, or at the inter-
faces. The PC/VA950 blend showed fibrillar structures and
PC/V400P blend showed spherical LCP domains. Attempt
was made to distribute the CNT in both PC/LCP blends
and to determine the percolation threshold of CNT for
electrical conductivity, although the positive values of the
spreading coefficient parameter for CNT particles promoted
preferential localization of CNT inside the LCP domains. PC
showed surface energy and polarity comparable to VA950 but
different from V400P, due to which double percolation was
found to occur only for PC/VA950. Accordingly, PC/CNT
and PC/VA950/CNT composites showed the same electrical
percolation threshold (1 wt%) while PC/V400P/CNT needed
3 wt% CNT to show electrical percolation. Prior addition of
CNT to LCP increased the viscosity of LCP phase further,
which increased the viscosity ratio to greater than unity and
hindered LCP fibril formation.
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