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Abstract: We have investigated the effect of nanotube alignment on the rheology,
morphology and electrical conductivity of PC/multiwalled carbon nanotube nanocomposites.
Samples of various MWCNT loadings were prepared by diluting a commercial masterbatch
containing 15 wt % nanotubes using optimized melt-mixing conditions. Microinjection
molding under very high shear rate was then used to prepare micro tensile bars. Our
rheological measurements revealed that the nanotube percolation networks are very sensitive
to shear deformation particularly at high temperature. Due to the high shear rates of
micromolding, the nanotubes are well aligned in the flow direction and could not
interconnect effectively. Consequently, the viscoelastic behavior remarkably changed from
solid-like to liquid-like. Accordingly, this high degree of alignment resulted in a significant
increase in the electrical percolation threshold depending on the micromolding conditions.

Keywords: Multiwalled carbon nanotube, Polycarbonate, Morphology, Rheology, Electrical
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1. INTRODUCTION

Solid state nanomaterials such as carbon nanotubes (CNTs) are novel materials with extraordinary electrical,
mechanical and thermal properties and represent an excellent potential as fillers for different composite materials.
Particularly, polymer-based composites of CNT are suitable for the fabrication of micro scale components where
only grams of materials are necessary to manufacture high-valued products. However, the efficiency of nanotubes to
live up to their theoretical potential depends on the level of nanotube dispersion and degree of alignment within the
host polymers.

The rheological properties of polymer nanocomposites including the viscoelastic (time or frequency-and
temperature—dependent) behavior have practical importance related to composite processing and are of scientific
interest as a probe of the composite microstructure and dynamics. These properties are related to the material
microstructure, the state of the nanotubes dispersion, the aspect ratio and orientation of the nanotubes, the interaction
between nanotubes and polymer chains as well as nanotube-nanotube interactions.

A number of technologies have been developed to produce polymer-based microdevices amongst which
microinjection molding is the most suitable process for mass producing microparts cheaply and with high precision.
It is well known that in injection molding, the product properties are strongly affected by the processing conditions.
In addition microinjection molding features extreme injection pressures, very high shear and cooling rates as well as
very short cycle times compared to conventional injection molding. These exceptional conditions combined with a
large surface area to volume ratio may have a much greater influence over the resultant properties of micromolded
parts. Several studies have been conducted to investigate the effect of processing conditions on microinjected parts
(Shen, Chien et al. 2004; Chen, Chang et al. 2005; Chien 2006). Significant reports on microinjection molding



appeared only during this decade and most were on neat polymers (Su, Shah et al. 2004; Chien 2006). Some studies
did consider polymer compounds containing fillers such as short glass fibers, glass particles and nanoceramic
materials as illustrated by the work of Huang et al (Huang, Chen et al. 2005; Huang 2006). Since classical fillers
such as glass or carbon fibers can have dimensions of the same order of those of micro-parts, it is reasonable to
combine polymer/CNT nanocomposites and micro-injection molding because of the low amounts needed of highly
priced CNTs.

In this study we exclusively focus on the effect of high shear flow of microinjection molding on the nanotubes
alignment and consequently on the rheological, electrical and morphological properties of the PC/MWCNT
nanocomposites. Following the nanocomposite samples preparation we used micromolding to make micro tensile
bars under different processing conditions; then, we employed a variety of characterization methods to investigate
the subsequent effects of this process on the microstructure and electrical conductivity of the molded specimen. For
comparison, we prepared nanocomposites of the same composition and shape using compression molding, a process
which is known to induce no or little orientation. We present the results obtained and discuss the effects of
alignment of the CNTs. We also discuss the effect of high shear on the rheological properties of the prepared
nanocomposite samples and how the rheological response can be correlated to the morphology and electrical
conductivity.

2. EXPERIMENTAL PROCEDURE

A masterbatch of 15 wt% MWCNT in PC was purchased from Hyperion Catalysis International, Cambridge, MA.
The nanotubes are about 15-50 nm in diameter and 1-10 pm in length. The masterbatch was diluted with PC (Calibre
1080) from DOW Chemical using a twin screw extruder operating at 100 rpm and 210°C (conditions previously
optimized via controlled experiments). The prepared nanocomposites were then microinjection molded using a
Battenfeld Microsystem 50 molding machine and a mold having a dog-bone shaped cavity.

The morphology of the nanocomposites was studied through scanning electron microscopy (SEM) and atomic force
microscopy (AFM). For SEM we used the high resolution Hitachi S-4700 microscope while for AFM we utilized
the multiMode VEEECO scanning probe. Both SEM and AFM were done on ultramicrotomed surfaces of samples
that were cut with a diamond knife at room temperature. SEM samples were coated with a vapor deposit of Pt for 25
s. For injected samples, the specimens were cut perpendicularly to the flow direction.

The rheological measurements were carried out using a stress-controlled rheometer (CSM rheometer of Bohlin
Instruments) equipped with a 25mm parallel plate geometry under nitrogen atmosphere. Prior to measurements
compression molded samples were dried for a minimum of 4h at 120°C. In order to examine the effect of high shear
on the microstructure of nanocomposites, each sample was subjected to different levels of constant shear stress for
different periods of time prior to the frequency sweep tests, which were then performed at 300°C without any rest
time after the preconditioning step.

The volume resistivity of the tensile bars prepared by both micromolding and compression molding was determined
using a Keithley electrometer model 6517. For each sample the I-V curve was obtained across the thickness of the
tensile bar and the sample resistance was determined from the slope of the curve. The resistance was then converted

to volume resistivity, gy, using the formula
P, =VVDRV /L )
where W is the width, D the thickness, L the length of the sample, and R, is the measured resistance.

3.RESULTS AND DISCUSSION

As mentioned in the introduction, micromolding operates under high shear rates and is more likely to induce
orientation than compression molding. The resulting effect of both processes on the carbon nanotubealignment
within the polymer matrix is shown in Figure 1. The top and bottom micrographs were obtained by SEM and AFM,
respectively. A striking difference can be seen between the compression molded sample (a) and the microinjected
sample (b). In the later case, both types of micrographs display the cross section perpendicular to the flow direction



along the length of the tensile bar; the white dots (SEM) and black dots (AFM) represent tips of nanotubes, clearly
indicating that they are oriented in the main shear flow direction. On the other hand, the micrographs showing the
compression molded sample (a) display a random orientation. In particular, the AFM micrographs show not only
the differences in orientation of the nanotubes between the two samples, but also indicate that their dispersion within
the PC matrix is quite good in both cases. The nanotubes diameter derived from the scale of the AFM micrographs is
about 15um, remarkably within the range given by the masterbatch supplier, indicating that the nanotubes were most
probably individually dispersed.
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Fig. 1. SEM (top) and AFM (bottom) micrographs of PC/3wt% MWCNT (a) compresion molded and (b)
microinjected samples

In order to investigate the effect of shear on the viscoelastic properties, we carried out rheological measurements
using SAOS (Small Angle Oscillatory Shear) after applying different levels of stresses as a preshearing step. For
each concentration, the samples were presheared under two limiting values of shear stresses: the maximum
allowable stress of the rheometer (2400 Pa) as the high stress level and the stress value of transition from liquid-like
behavior to solid like behavior as the low stress level. The stress value of the later was determined from plots (not
shown) of the steady shear viscosity versus shear stress for different nanotube contents at constant temperature. No
rest time was used between the preshearing and the SAOS tests.

Figure 2a shows the effect of preshearing on the complex viscosity of neat polycarbonate and nanocomposites
containing 0.2 and 3 wt% of MWCNT at 300°C. Obviously, for the neat polycarbonate and 0.2 wt% nanocomposite
samples the effect of preshearing is almost negligible, which indicates that the viscoelastic behavior is dominated by
the polymer matrix. However, for the nanocomposites with high nanotube loadings the effect of preshearing
becomes quite significant. Applying a shear flow even at a low stress level aligns the nanotubes in the flow direction
and results in a lower complex viscosity and a slightly altered shear-thinning behavior at higher frequencies.



Consequently, the nanotubes interconnect minimally leading to a remarkable increase in the rheological percolation
threshold seen from the plot of the storage modulus G versus the nanotubes content (Figure 2b).
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Fig. 2. Effect of preshearing without rest time) on (a) the complex viscosity at 300°C of nanocomposites with
various nanotube loadings (b) rheological percolation threshold

The electrical resistivity of nanocomposites for different concentrations of MWCNT is reported in Figure 3 for
samples made by compression molding and samples made by micromolding at three injection speeds. The electrical
percolation threshold was found to be between 1 and 2 wt% of MWCNT in PC in the case of compression molding.
The electrical resistivity changes by more than 10 decades in this range of concentration. For the micromolding case,
the electrical resistivity decrease is not as drastic and occurs over a much larger concentration range, leading to
percolation threshold of about 7 wt% of MWCNT when injection speed is set at 200 mm/s and to approximately 10
wt% of MWCNT hen the speed is set 400 or 800mm/s. Therefore, it can be concluded that the electrical percolation
threshold is process dependent and strongly affected by the processing conditions.
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Fig. 3. Volume resistivity of PC/MWCNT versus nanotube loading for different processing conditions

4. CONCLUSIONS

PC / MWCNT nanocomposites were prepared by diluting a masterbatch containing 15 wt% MWCNT using a twin-
screw extruder for optimized mixing condition. The microparts were then prepared under different microinjection
conditions. The microscopic analysis reveals that the drastically high deformation rate in microinjection molding
induced a high degree of alignment in microparts. Rheological measurements showed that the percolation threshold
is notably dependent on nanotube orientation. Accordingly, when the nanotubes are subjected to the shear stress
high degree of alignment results into a remarkable increase of the percolation threshold. The electrical percolation
threshold has been significantly altered by the microinjection molding process. Due to the thigh degree of alignment,
the electrical percolation threshold rises from about 2 wt% for compression molded specimens to approximately 7-
10 wt% for microinjection molded samples depending on the processing conditions.
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