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ABSTRACT: The influence of injection molding parameters on electrical properties and morphology of PC/ABS-MWCNT nanocompo-
sites is presented in this article. Investigation is based on the masterbatch of 5.0 wt % carbon nanotubes obtained by melt-mixing.
Further processing includes dilution of this nanocomposite to desired concentrations on twin-screw extruder and injection molding
or direct dilution of masterbatch in injection molding. Additionally, reprocessing of materials formed by compression and injection
molding is presented along with the change in electrical conductivity. Morphology differs strongly between the two processing paths
showing change in agglomeration behavior between nanotubes concentrations. Electrical properties show dependence on injection ve-
locity and melt temperature in both applied processing paths. Moreover, electrical conductivity recovery is proved after injection and

compression molding. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 2152-2158, 2013
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INTRODUCTION

Multiwalled carbon nanotubes (MWCNT) with a unique struc-
ture and properties became an important group among the car-
bon-based nanostructured additives of commercial plastics.
MWCNT in nanocomposites can boost electrical and thermal
conductivity'™ by orders of magnitude over the performance
achievable with traditional carbon fillers in similar weight per-
centages.* Nanocomposites reach volume resistivity on the level
of 10* Q cm ™, which is the improvement of over 10 orders of
magnitude comparing to the matrix values.” The values
reported for mechanical properties® and electrical depend on
the quality of filler dispersion and agglomerates distribution."”

Injection molding, one of the common methods in plastic proc-
essing, has been reported to give less homogeneous dispersion
of the carbon nanotubes (CNT) and greater dependence of the
final material on processing parameters than compounding.®™°
The difference of nanofiller concentration in several areas of the
injected sample as a consequence of the shear-induced flow is a
drawback in this technology. Studies carried out on injected
samples of polycarbonate (PC) by Park et al. show the differen-
ces in nanofiller concentration between different parts of the
specimen.'’ Though injection molding is a complex process
controlled with many parameters, usually melt temperature'”
and injection speed® are the key ones for electrical conductivity
tuning.'” However, geometry of the specimen, e.g. injection gate
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location, plays an important role in the final part as well."*

Besides, various injection molding methods (e.g. application of
vibrations during the processing'® or packing injection mold-
ing'®) were investigated to improve the defined properties of
the final part. Chandra et al. reported varying electrical resistiv-
ity across the length and the width of injected PC specimen
independently of process parameters.'” Electrical conductivity
was higher in regions farthest from injection gate and in the
central part. This was explained by the shear gradient influenc-
ing carbon nanotubes entanglement. The crystallization behav-
ior of the matrix is influenced by CNT presence in
polypropylene.'® In this regards, the influence of carbon nano-
tubes on morphology and properties of PC nanocomposites
processed by injection molding have been studied by Villmow
et al.® Significant electrical conductivity improvement with the
change of processing parameters has been reported for nano-
composites with 2 and 5wt % of CNT. Moreover, orientation of
nanotubes in skin layer was found in samples processed with
high injection speeds and reduced temperature, whereas the op-
posite sequence of parameters gave no alignment. Detailed study
on the influence of injection molding parameters exist in the
literature.>'? Holding pressure and mold temperature seems to
have little influence on the final properties whereas melt tem-
perature is an important factor. Carbon nanotubes orientation
in the final nanocomposite and agglomeration effect appearing
during injection molding has been investigated with rheology
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tests showing the indication of nanofiller alignment sensitivity
to the high shear conditions.” Viscoelastic properties of matrix
in the presence of nanofiller network is strongly related to CNT
re-agglomeration  process. Further process modifications
reported by Li et al. showed the polypropylene-MWCNT rein-
forced with polycarbonate microfibrils and the relation between
dynamic sample production.’* Shear controlled orientation
injection molding has been compared with the conventional
process. The dynamic samples show clear improvement over the
conventional ones, indicating also carbon nanotubes located in
the microfibrils and aligned along their long axes.

In this article we study the influence of injection molding
parameters on selected properties of PC/ABS-MWCNT nano-
composites. Morphology determined by scanning electron
microscopy (SEM), optical microscopy (OM) and supported by
particle distribution shows relation with processing parameters.
Electrical conductivity and Dynamic Mechanical properties are
investigated with the respect to injection speed and melt tem-
perature. Moreover, we prove conductivity recovery in samples
reprocessed after injection molding.

EXPERIMENTAL

PC/ABS used in this article was Bayblend® T85 supplied by
Bayer MaterialScience with 85wt % of polycarbonate, MVR of
12 ¢m’/10 min and Vicat softening temperature of 129°C (data
provided by supplier). MWCNT NC7000 (produced with
CCVD method) with 90% purity were supplied by Nanocyl.
Average diameter was 9.5 nm and average length 1.5 um (data
provided by supplier).

Nanocomposites were produced with a throughput of 1 kg h™"
on the twin-screw co-rotating laboratory extruder Prism Euro-
lab 16 (Thermo Fisher Scientific) with barrel diameter of
16 mm and length-to-diameter ratio (L/D) 25. Screw profile was
designed using Ludovic software (Sciences Computers Consul-
tants). Screw speed was set to 400 rpm, whereas barrel tempera-
ture was 260°C. Carbon nanotubes were added to the extruder
with a pneumatic feeder (Brabender Technologies) together
with PC/ABS pellets through the principal hopper producing
masterbatch of 5.0 wt% MWCNT. Nanocomposites were subse-
quently formed by dilution of this masterbatch to the concen-
trations between 0.5 and 3.0wt%. PC/ABS pellets and
masterbatch pellets were dried in vacuum at 120°C for 4 h
before each processing stage.

Injection molding was carried out on BOY 12A machine with
constant mold temperature of 70°C. Melt temperature was
changed between 260°C and 280°C, whereas injection speed was
changed between 5 and 150 mms™'. The dog-bone shape speci-
mens with the total length of 110 mm, gauge length of 35 mm,
and thickness of 4 mm were used for tensile tests, whereas the
rectangular specimens, 2-mm thick, 10-mm wide, and 60-mm
long were used for thermo-mechanical tests, and electrical con-
ductivity measurements. The specimens are prepared following
slightly modified standards ISO 127 (for rectangular specimens)
and ISO 527-3 (for dog-bone specimens). In order to compare
results, nanocomposites samples were also prepared by compres-
sion molding at 260°C using Collin hydraulic press.
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Morphology of nanocomposites was studied by OM on Leica
DMRX microscope and by SEM on JEOL 7001F scanning elec-
tron microscope. Slices (20-50 um thick) for OM study were
cut from the central part of the injected bars as a cross-section
in the direction perpendicular to the flow. SEM samples were
platinum-coated using a sputtering device (Baltec SCMCS010).
Particle size calculation was carried out on Leica Materials
Workstation software. Agglomeration density has been evaluated
as a ratio of agglomerated area and the total investigated area of
the sample.

Thermo-gravimetric analyses (TGA) were done on TA Instru-
ments TGA Q5000. Samples were heated from 50°C to 600°C at
a heating rate of 20°C min~ ' under nitrogen atmosphere and
on air from 600°C to 900°C.

Dynamic mechanical analysis of the PC/ABS-MWCNT nano-
composites was done on TA Instruments DMA-2980 with dual
cantilever clamp at a vibration frequency 1 Hz, between 35°C

and 200°C at scan rate 3°C min~ .

The electrical resistivity of the nanocomposites was measured by
two- and four-point contact configuration (ISO 3915) using
Keithley 2000 Multimeter source/meter. Silver electrodes were
painted on the samples in order to improve contact between
the sample and measuring electrodes.

RESULTS AND DISCUSSION

Morphology

SEM micrograph of PC/ABS-MWCNT nanocomposite with
5.0wt % of filler is shown in Figure 1. Carbon nanotubes are
located mainly in polycarbonate component of the blend, dis-
tinguishable on micrographs as a smooth surface. That situation
was not changed after the dilution of masterbatch presented in
Figure 1 into the nanocomposites with lower filler concentra-
tions. Additional shear in the second processing step did not
improve nanofiller concentration difference between the
components.

The dispersion of MWCNT and the distribution of agglomerates
after the masterbatch dilution on twin-screw extruder were
observed on light-transmission microscope (OM). The images
of selected nanocomposites with various MWCNT contents are
shown in Figure 2. Dissimilarities in the size and number of
agglomerates appear between 1.0 and 3.0 wt % nanocomposites.
In the sample with higher nanofiller load [Figure 2(b)] agglom-
erates are present in greater number and greater range of sizes,
whereas in the other sample agglomerates size distribution is
more homogeneous [Figure 2(a)]. These observations are con-
firmed by particle distribution verification done on nanocom-
posites with 0.5, 1.0, and 3.0wt% of MWCNT (Figure 3).
Materials show content-dependent size distribution for agglom-
erates below 15 um with all reported nanocomposites resulting
with majority of agglomerates located in this range. Nanofiller
content 3.0 wt % results with greatest number of little particles,
whereas the other materials show similar trend. Populations of
detected agglomerates falling into category below 15um are
69%, 61%, and 75% for 0.5, 1.0, and 3.0 wt %, respectively (not
shown here). This informs about the relative similarity between
the two former nanocomposites, showing variations only for
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Figure 1. FE-SEM micrographs of masterbatch PC/ABS-MWCNT nanocomposites with 5.0 wt % of carbon nanotubes obtained with 400 rpm at 260°C:
(a) agglomerate of carbon nanotubes located in PC component, and (b) carbon nanotubes located in PC component.

Figure 2. Light transmission microscope images of PC/ABS-MWCNT nanocomposites of various nanofiller concentrations obtained with 400 rpm at
260°C by masterbatch dilution: (a) 1.0 wt %, and (b) 3.0 wt %.

particles near the detection range. Agglomerates of size above 1.0 wt %. Further particle distribution tests carried out on nano-
20 pum are present for all investigated materials, though 3.0wt%  composites of MWCNT load between 0.5, 1.0, and 3.0 wt % are
MWCNT gives double the number observed for 0.5 and  reported in Table I. Average particle area decreases with the
increase of carbon nanotubes content. This effect is related to
increased viscosity of material with higher nanofiller concentra-
tions, providing better conditions for agglomerates breaking.
Particles length show opposite trend meaning that the agglom-
erates have less regular shape at higher MWCNT loads. Accord-
ing to these results, agglomeration behavior changes with the
increase of nanofiller content, moving towards the increase of
agglomerates number with their size reduction.

Injection molding has been carried out with two main paths
differing material type. Nanocomposites obtained by dilution of

Frequency

Table 1. Results of Particle Distribution Measurements on
PC/ABS-MWCNT Nanocomposites Obtained with Masterbatch Dilution
(5.0wt %), 400 rpm at 240°C

5 7 9 111315171921 23 25 27 29 31 33 35 37 39 MWCNT concentration

Class [ ym] 0.5wt% 1.0wt% 3.0wt%
Flgl:ll'e 3. Par'tlcle dlﬁtrlbutlon histograms of PC{ABS—MWCNT nan.ocoim— Average particle area (um?)  375.9 286.2 1744
posites obtained with 400 rpm at 260°C with masterbatch dilution )
method. Average particle length (um) 24.4 26.5 28.6
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500 um

500 um

Figure 4. Light transmission microscope images of PC/ABS-MWCNT nanocomposites with 1.5 wt % nanofiller injected at 280°C: (a) masterbatch dilu-
tion in injection molding machine, 50 mms ', (b) masterbatch dilution in extruder, 50 mms™ ', (¢) masterbatch dilution in injection molding machine,
100 mms ', and (d) masterbatch dilution in extruder, 100 mms '; long arrows point center of the cross-section, short arrows indicate geometry of the

sample.

5.0wt % masterbatch in extruder were injected and compared
with the direct dilution of the same masterbatch directly in
injection molding. Further changes include modifications of
nanofiller content and processing parameters like injection ve-
locity and melt temperature. Morphology of specimen cross-sec-
tions after the injection molding is pictured in Figure 4. Central
part of the bar (marked with the arrows) in all images is rich in
nanofiller, which is explained with the skin-effect. This phe-
nomenon is based on different behavior of nanocomposite in
the core region and in the outer layer of injected part. This is
coming from uneven temperature distribution inside the mold.
Method based on masterbatch diluted in injection molding
machine, providing one processing step less than the previous
method, gives much worse morphology for both presented
injection speeds. The number and size of agglomerates, as well
as the layered structure are not much different between the
injection velocity 50 mms ' [Figure 4(a,c)] and 100 mms
[Figure 4(b,d)]. For the common injection molding of prepre-
pared nanocomposite the morphology is significantly better,
showing more evenly distributed agglomerates in the outer
region of the cross-section [Figure 4(d)]. Moreover, appearance
of layered structure with phases rich in MWCNT does not exist
in this method.

Studies on distribution and content of MWCNT respecting the
injection gate were carried out by thermo-gravimetric analysis
on nanocomposites. The results representative for applied
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experiment are explained on masterbatch sample (5.0wt% of
MWCNT) processed at 260°C with injection speed 50 mm s~ '
(Figure 5). Rectangular specimen was cut into pieces and ana-
lyzed with respect to the distance from gate, marked by arrow.
The distribution of carbon nanotubes in the sample is not
homogeneous with higher concentration on the side opposite to
the injection gate. Constantly growing MWCNT load with the
increasing distance from the injection gate can be explained by
various flow abilities of carbon nanotubes and melted polymer.
Moreover, the difference in MWCNT content in the first part of
the sample is related to the disturbed melt flow caused by
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Figure 5. MWCNT distribution in PC/ABS-MWCNT of 5.0 wt % nanofil-
ler injected with 50 mms™" at 260°C.
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Figure 6. Scheme of Van der Pauv electrical conductivity testing method.

injection gate. Narrow injection gate gives shear change between
the runner and the specimen cavity.

Electrical Properties

Figure 6 shows the two ways of electrical properties determina-
tion method applied in this article. Electrodes A represent sense
points and electrodes B represent input points used to deter-
mine volumetric electrical conductivity (four-point measure-
ment). Two-point surface electrical conductivity measurement
was performed only with electrodes A. Volumetric electrical
conductivities of processed in comparable conditions PC/ABS-
MWCNT and PC-MWCNT (reported in Ref. 21) is significantly
different (Figure 7). Masterbatch dilution is commonly applied
method for the production of CNT-based nanocomposites as
electrical conductivity in double-processed materials reaches
higher values. This is because of re-agglomeration in second
step (primary- and secondary agglomeration theory).'® Double
electrical percolation threshold was observed for the nanocom-
posite based on blend. First percolation appears below 0.5 wt %,
which is lower than for the PC-MWCNT nanocomposite (Fig-
ure 7). Conductivity of PC/ABS-MWCNT materials after the
first percolation is higher than the related one in PC-MWCNT.
Second percolation occurs between 2.5 and 3.0wt% resulting

with the electrical conductivity of 0.6 Scm™ .

Figure 8 illustrates electrical conductivity dependence on injec-
tion velocity for PC/ABS-MWCNT nanocomposites processed at
280°C. The conductivity increases with nanofiller content.

6e-1

—— PC/ABS-MWCNT
—O— PC-MWCNT

4e-1

2e-1 A

22T ™ T

2e-2

1e-2

Electrical conductivity [S/cm]
|
I

5e-3 A

T T T T T T T

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
MWCNT content [wt. %]

Figure 7. Electrical conductivity of PC/ABS-MWCNT nanocomposites
processed with masterbatch dilution method with 400 rpm at 260°C com-
pared to PC-MWCNT material reported in Ref. 21.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39412

WILEYONLINELIBRARY.COM/APP

Applied Polymer
5e-3
_ ——A&—— 15wt %
E 4831 —o— 25wt%
@, —O0— 30wt %
> A
S 3e-3 4
°
3
°
c
8 23
g
o 1e-3 4
0 7 T T T
0 50 100 150

Injection velocity [mm/s]
Figure 8. Electrical conductivity dependence on injection velocity for PC/

ABS-MWCNT nanocomposites with different filler content and processed
at 280°C.

Electrical conductivity remains within one order of magnitude
between the extreme values of each material (e.g. 4.8E-3 Scm ™'
for 3.0wt % and 1.2E-3 Scm™ ' for 1.5wt %) with higher values
appearing in low injection velocities. This can be explained by
the theory of carbon nanotubes location in the core of speci-
men,” which is confirmed by Figure 4 and based on the direct
influence of shear gradient for various injection velocities. Fig-
ure 9 shows the relation between surface and volumetric con-
ductivity of samples obtained with direct masterbatch dilution
in injection molding machine. Electrical conductivities are simi-
lar in low injection velocity, which proves similar morphologies
in sample skin and core. From 60 mms~' onwards both con-
ductivities are constant reaching 0.1 and 1.1 Scm ™' for surface
and volumetric conductivity, respectively. The core of the speci-
men is MWCNT-rich in higher injection velocities and the
nanofiller is oriented in the direction of the flow. This causes
the increase of volume electrical conductivity giving also more
differences between volume and surface conductivities. However,
this phenomenon seems to have no strong relation to agglomer-
ation. In higher injection velocities the surface conductivity is

1.6e+0

@ surface conductivity
1.4e+0 A O volume conductivity

1.2e+0 A
1.0e+0 A o
8.0e1 41 ©

6.0e-1

4.0e-1 A

Electrical conductivity [S/cm]

®e
2.0e-1 A °
. ° ° °
0.0 T T T T T T T
0 20 40 60 80 100 120 140 160

Injection velocity [mm/s]

Figure 9. Electrical conductivity dependence on injection speed for PC/
ABS-MWCNT nanocomposite of 5.0 wt % processed at 280°C.
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Figure 10. Electrical conductivity dependence on melt temperature during
injection molding for PC/ABS-MWCNT nanocomposite of 5.0 wt % proc-
essed with injection speed of 25 mm/s.

measured in low MWCNT concentration skin region, so lower
values are observed. The sensitivity of the surface conductivity
to the skin layer at low injection velocity was already presented
by Villmow et al.® Figure 10 shows analogous studies of both
electrical conductivities dependence on melt temperature during
processing. Volumetric and surface conductivity show the oppo-
site behavior, with the closest values between 270°C and 275°C
that seem to be the best temperature to obtain homogeneous
samples. However, the differences are significantly lower than
the in the previous study, indicating higher influence on injec-
tion velocity on electrical conductivity.

Electrical Properties Recovery

Additionally, electrical conductivity recovery was investigated af-
ter various material processing routes. The experiment reported
in Table II consists of three groups of PC/ABS-MWCNT nano-
composites. Materials were principally processed by injection
molding and compression molding. This was followed by grind-
ing the specimens and compression molding such obtained
materials. Raw material for the first processing step (first com-
pression or injection molding) was produced with masterbatch
dilution in extruder (samples MB from Table II) or in injection
molding machine (samples DD). Significant differences between
electrical conductivity of two different processing paths of one

ARTICLE

material are showed in Table II. Compression molded nano-
composite with 3.0 wt % MWCNT shows electrical conductivity
over two orders of magnitude higher than the same nanocom-
posites after injection molding. Nanocomposite diluted in injec-
tion molding shows lower electrical conductivities than the
previous method for both velocities.

Grinding the samples after the first processing and the following
compression molding of that material showed expected results
of leveled electrical conductivities in the final specimens. Both,
masterbatch dilution in extrusion and in injection molding,
showed significant differences of conductivity between the first
and the second processing. An increase of two orders of magni-
tude for previously injected samples was observed. Moreover, af-
ter re-compression, electrical conductivity becomes constant
between both processing velocities and both methods. The final
values are similar within one nanofiller concentration, which
can be explained by the relaxation of carbon nanotube network.
These results show that nonhomogeneously distributed nanofil-
ler leaves the possibility of electrical conductivity recovery after
the formation of the final part. Similar effects are reported in
the literature for the increase of electrical conductivity of nano-
composite melt' or the change of electrical properties after the
specimen annealing.”” In both examples the changes are related
to the viscoelastic relaxation of the polymer matrix allowing the
reorientation of loosely packed agglomerates and not entangled
carbon nanotubes. This explanation applies also to the pre-
sented observations.

CONCLUSIONS

PC/ABS-MWCNT nanocomposites prepared by melt mixing on
co-rotating twin-screw extruder and further injection molded
show clear dependence on melt temperature, injection velocity
and processing method. Electrical conductivity and morphology
of the final material change with high- or low shear applied
during processing. Basing on electrical conductivity results, the
specimens show highest homogeneity at rather low shear rate,
implemented by low injection velocities and moderate melt
temperatures. The highest volume conductivity
appears also at low shear. This effect is related to the orientation
of carbon nanotubes in MWCNT-rich specimen core and the
existence of skin region. Moreover, strong nanofiller agglomera-
tion is present in the final material. Carbon nanotube network

electrical

Table II. Electrical Conductivities After Various Processing Paths Carried Out on PC/ABS-MWCNT Nanocomposite Injected at 280°C; Samples MB were
Obtained by Masterbatch Dilution in Extruder and DD by Masterbatch Dilution in Injection Molding

MB@ DD®

1.5 wt % 3.0 wt % 1.5 wt % 3.0 wt %

Compression (a) 1.62E-01 2.38E-01 - -
Injection (b) 10 mms™* - 8.29E-03 3.52E-04 6.94E-03
(b) 200 mms~* = 3.81E-03 1.97E-04 2.76E-03

Compression (c) 3.18E-01 1.76E-01 - -
Compression (d/ 210 mms™%) - 3.73E-01 5.44E-02 1.98E-01
(d /100 mms™%) - 3.21E-01 5.97E-02 2.47E-01

a All reported values in [S cm™Y].
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re-creation and the recovery of electrical conductivity in re-
processed PC/ABS-MWCNT nanocomposites subjected previ-
ously to various processing paths is observed. Simple scale-up
of the process is a good solution for the reuse of waste with
MWCNT presence from electronic and automotive industry.
However, this field still needs to be researched. Future research
in injection molded PC/ABS-MWCNT nanocomposites should
be followed by the spectroscopic study of nanofiller behavior in
various regions of the specimen.
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