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ABSTRACT

Electrical and melt rheological properties of melt mixed polycarbonate (PC) and co-continuous PC /

poly(styrene-acrylonitrile) (SAN) blends with carbon nanotubes (CNTSs) are investigated. By using two

sets of mixing parameters, different states of filler dispersion are obtained. With increasing CNT

dispersion, an increase in electrical resistivity near the percolation threshold of PC-CNT composites and

(PC+CNT)/SAN blends is observed. This suggests that the higher mixing energies required for better

dispersion also result in a more severe reduction of the CNT aspect ratio; this effect was proven by CNT

length measurements. Melt rheological studies show higher reinforcing effects for composites with

worse dispersion. The Eilers equation, describing the melt viscosity as function of filler content, was

used to fit the data and to obtain information about an apparent aspect ratio change, which was in

accordance with measured CNT length reduction. Such fitting could be also transferred to the blends

and serves for a qualitatively based discussion.
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INTRODUCTION

Melt mixing of carbon nanotubes (CNTs) into
thermoplastic polymers to generate composites
with electrostatic discharge or conductive
behaviour has found increasing interest during
the last two decades. In particular, composites
based on the amorphous polycarbonate (PC)
matrix have been widely investigated due to the
relatively good dispersability of CNTs in this
matrix polymer ° and the importance of PC as
material for housing applications. However, the
desired high electrical conductivity of the
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composites at applicable CNT contents could
not always be achieved, even at good filler
dispersion. One critical issue especially in case
of defect containing multiwalled CNTs
(MWCNTs) seems to be the possible reduction
of the filler aspect ratio by breaking of CNTs
during the melt mixing process. This effect has
been investigated for MWCNTs in different melt
mixed systems, where a significant shortening
of the MWCNTs of more than 50 % of their
initial length was measured 511, However, the
length shortening effect has also been observed
for CNTs dispersed in liquids, and also strongly
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depends on the particular CNT composition and
morphology 2. Due to the known impact of the
aspect ratio (AR) of conductive fibrous fillers on
the electrical percolation threshold 1*%°, a
pronounced shortening of the CNT length may
result in a higher content of nanotubes required
to achieve electrical percolation and desired
conductivity values in the polymer composites.
One approach to reducing the amount of
conductive fillers needed for electrical
percolation in polymer-based materials is the
use of co-continuous immiscible polymer
blends. If the fillers selectively localize and form
a conductive network in one of the continuous
polymer components (double percolation) or at
the blend interface, the necessary amount of
filler to generate a conductive network in the
matrix can be reduced *'’. In many practical
cases, added nanoparticles were found to
localize selectively within one of the
components, driven by the thermodynamic
force into the better wetting component.
Localization at the interphase is less common,
but has also been found 22, The wetting
coefficient, introduced by Sumita et al., is the
most popular predictor of the preferred
polymer for the localization of carbon
fillers ¥617:2324 |t js important to note that upon
adding nanoparticles to polymer blends,
significant changes in the blend morphology can
happen, due both to changes of the viscosity
ratio of the blend components. This depends on
the nanofiller localization and reduced
coalescence. In the few cases discussed in
literature a refinement of blend morphology
was found 2>2¢,

For the polymer blend system PC/ styrene-
acrylonitrile (SAN), it has been shown that
carbon structures tend to localize in the PC
component 172>2729 Thijs experimental finding
was confirmed by the calculation of the wetting
coefficient *7.

Adding carbon fillers to polymers changes their
melt rheological behavior. In structure sensitive
frequency dependent oscillatory tests -
particularly at low measurement frequencies —
an increase in the complex melt viscosity as well
as the storage and loss modulus can be
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observed with increasing filler content 3033, At
constant filler level, the degree of increase is
mainly dependent on the state of dispersion of
the nanoparticles, which reflects the filler-
polymer and filler-filler interactions. Thus, the
guantification of this increase was introduced
as a method to quantify the state of dispersion
by rheological methods, especially for layered
nanosilicates 34. It was found that different
states of filler dispersion in one of the
components were also reflected in the melt
rheological properties of selectively filled
polymer blends . In the example of PC/SAN
=60/40 wt.% filled with 1 wt.% MWCNTs,
different dispersion states were obtained by
variation the melt viscosity of the PC
component and the rheological effects are
more pronounced in composites with better
MWCNT dispersion. However, changes in the
state of dispersion can be also induced by
varying the melt mixing parameters as shown
e.g. in ref. [3] for PC-based composites. As
discussed above, stronger mixing conditions
using higher specific energy input may also
reduce the filler aspect ratio, which, next to the
filler dispersion®®, influences the melt
rheological properties of polymer composites
and also of blends made therefrom. A direct
relationship between the nanotube shortening
and the effect on melt rheological properties
could be shown for polycaprolactone based
composites with 0.5 wt.% MWCNTs, where the
energy input was modified by varying the
rotation speed during composite preparation 1.
As the dispersion remained constant beyond a
certain mixing speed, the changes in rheological
effects could be directly attributed to the
ongoing nanotube shortening.

Hence, in immiscible polymer blends selectively
filled with carbon nanotubes, there are quite
complex relationships between the mixing
conditions, the blend morphology, the state of
filler dispersion and the nanotube length, which
makes it difficult to understand the different
impacts in terms of the physical properties of
melt mixed composites3®. Until now, no
detailed study has been made about the
influence of melt mixing conditions on the filler
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dispersion and filler aspect ratio in selectively
filled polymer blends and how it effects melt
rheological properties.

Therefore, the aim of this study is to provide a
detailed description of the electrical and
rheological properties of PC/SAN blends filled
with  MWCNTs using a two-step mixing
approach with PC as the matrix for the
nanotubes. The state of MWCNT dispersion
within PC was changed by using different melt
mixing conditions. For the description of the
melt viscosity results, the Eilers equation was
adapted for PC-CNT composites. From the
physical parameters involved in the model, an
apparent filler aspect ratio could be assessed,
which explains the results of electrical
measurements. These results are verified by
CNT length measurements. In a second step, we
determine whether such description can also be
applied to the rheological results of the
selectively filled PC/SAN polymer blends.

EXPERIMENTAL

Materials

Multiwalled carbon nanotubes (MWCNT)
Nanocyl™ NC7000 with 90% purity were
purchased from Nanocyl S.A., Belgium. These
MWCNTs represent a typical “combed yarn”
morphology®’. Polycarbonate (Makrolon® 2205)
was purchased from Bayer MaterialScience,
Germany, (density 1.2g/cm® and SAN
(Luran®358N) was purchased from BASF
Ludwigshafen, Germany (density 1.08 g/cm3).

Sample preparation

Melt mixing of composites as well as blending
was performed using a DSM Xplore 15 ml twin-
screw micro-compounder at 260°C. PC-CNT
composites with  MWCNT contents between
0.125 and 1.0 wt.% were prepared using two
different mixing parameter sets. For the first
parameter set (PM1), the MWCNTs were mixed
with the PC for 5 min at 100 rpm (lower mixing
energy input), whereas for the second
parameter set (PM2) the MWCNTs were mixed
for 15 min at 250 rpm (higher mixing energy
input).

Mﬁh&ﬂ%".& WWW.MATERIALSVIEWS.COM
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CNT-filled polymer blends were prepared using
a two-step mixing process. In the first mixing
step, MWCNTs were mixed into PC using mixing
parameter sets PM1 and PM2. Subsequently,
the extruded strands of the pre-mixtures were
cut into small pieces and blended with the SAN
at the ratio PC-CNT/SAN = 60/40 wt.% for 5 min
at 100 rpm, which corresponds to PM1. To
achieve comparable CNT loadings for PC
composites and PC/SAN blends, higher CNT
loadings had to be used for the PC premixtures.
These were between 0.21 wt.% and 1.67 wt.%,
corresponding to 0.125wt.% and 1.0 wt.% in
the blends.

For the characterization of the physical
properties, the samples were compression
molded using Paul Weber PW 40 EH. For
measuring the electrical volume resistivity, discs
with 0.5 mm thickness and a diameter of
60 mm were prepared at 260°C using 100 kN for
1 min. Before compression molding, the
materials were melted for 2 min at 260°C
without applying external pressure. For the
melt rheological characterization, circular
samples with 2 mm thickness and 25 mm
diameter were compression molded. Firstly, the
materials were melted for 2 min at 260°C and
afterwards, compression molded for 1.5 min at
50 kN at the same temperature. Subsequently
the materials were cooled down for 3 min with
a connected water supply and then placed in a
minichiller.

Characterization

Morphological analysis

The morphological analysis comprises optical
microscopy (OM) and scanning electron
microscopy (SEM), which were performed on
the extruded strands cut perpendicular to the
melt flow direction. OM was performed using
an Olympus BH-2 microscope in transmission
mode, equipped with a DP71 video camera.
Thin sections of 5 um thickness were cut at
room temperature using a Leica RM2265
microtome. The blend morphology was
assessed using a Zeiss Neon40 EsB scanning
electron microscope (SEM). Before the
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investigation, the cut surfaces of the samples
were immersed for 30 min in 30% sodium
hydroxide solution at 105°C under reflux,
according to Dong et al.*,

Characterization of physical properties
Electrical volume resistivity measurements
were done in accordance to the ASTM
standards D-257 (insulating materials) and 4496
(moderately conductive materials). A Keithley
electrometer 6517A (Keithley Instruments Inc.,
USA) was applied to measure the electrical
volume resistivity of the samples. Samples with
resistivities higher than 107 Q*cm were
measured on the compression molded discs
using a Keithley 8009 Resistivity 2-point ring
electrode test fixture. Samples with resistivities
lower than 107 Q*cm were measured on strips
(3 x 16 x 0.5 mm?3), cut from the compression
molded discs, using a 4-point measurement cell
with a measuring distance of 10 mm.

For the melt rheological characterization an
ARES oscillatory rheometer (Rheometric
Scientific Inc., USA) was operated under
nitrogen atmosphere. The materials were
melted at 260°C and a gap of approximately
1.5mm was used between the plate-plate
setup. Frequency sweeps between 0.063 rad/s
and 100 rad/s and back were performed with
10% strain at 260°C. Subsequently, a strain
sweep between 0% and 25% was applied to
ensure that the used strain was within the
linear viscoelastic range. The down sweeps
were used for interpretation.

In order to further analyze the rheological data,
from the measured complex viscosity data the
reduced complex melt viscosity mn, was
calculated (as the quotient between the
viscosity of the filled and the unfilled system) as
a function of filler content ¢. Therefore, at a
measuring frequency of 0.063 rad/s, the
complex melt viscosities of the filled samples
were divided by the complex melt viscosities of
the unfilled system. The plotted reduced
complex melt viscosity nr over the filler content
¢ was fitted using the method of the least
square error with the following equation %, also
called Eilers equation:
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— 05*[n*¢ 2
me= 0+ o) (1)

In this equation [n] represents the intrinsic
viscosity of samples and ¢max the maximum
volume content, at which the viscosity diverges
and where a fully elastic behavior of the
composite is expected.

This equation was developed in 1941 by Eilers
for filled emulsions and could be already
successfully used to describe the melt
rheological properties of filled polymers®.
According to Richter et al. #, the CNT aspect
ratio r (defined as the ratio between the length |
divided by the CNT diameter d) can be
calculated by additionally using equations 2 and
3. Anincrease of the filler aspect ratio r results
in an increase of the intrinsic viscosity [n] of the
polymer melt. For the CNTs, a rod-like geometry
and isotropic orientation was assumed, allowing
to use equation 3 for calculating the factor A,
whereby C was set as 2 *. As specific density of
MWCNTs 1.75 g/cm® was used ** to calculate
the volume fraction of filler from the weight
fraction.

]=2%+cC (2)

I.2

= 2+In(r)

(3)

Measurement of the CNT lengths in the
composites and selectively filled blends

To measure the CNT lengths after the mixing
process, the samples were dissolved in
chloroform®>, A MWCNT concentration of
0.005 wt.% was chosen for all the investigated
samples. The dissolving and dispersing process
was assisted by an ultrasonication bath used for
3 min, under the assumption that no further
CNT shortening process occurs during this
treatment. Subsequently, a drop of the
dissolved samples was placed on a TEM grid of a
SEM Libra 120 (Zeiss, Oberkochen, Germany) to
measure the CNT lengths. The measurement of
the CNT length was performed using the
Scandium software. At least 200 CNTs were
measured for each sample. The length
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distributions were assessed from which the
characteristic parameters xio, Xso, and Xgo wWere
calculated, indicating that 10%, 50%, and 90%,
respectively, of the nanotubes are shorter than
these values, In addition, an arithmetic mean
length am was used.

RESULTS & DISCUSSION

Assessment of filler dispersion and blend
morphology regarding the influence of
processing parameters

The two different mixing parameter sets
resulted in different states of filler dispersion in
the PC matrix (Fig. 1, left) as well in the PC/SAN
blend (Fig. 1, middle) as shown for 1wt.%
MWCNT content. The longer mixing time
combined with the higher mixing speed (PM2)
results in a higher mixing energy input, and
induces a significantly better filler dispersion
within the polymer matrix 4 (as shown in Fig. 1).
Hence, no non-dispersed CNT agglomerates
could be found with optical microscopy in the
systems prepared with higher mixing energy
what proves the good filler dispersion.

Instead, the systems prepared with lower
mixing energy (PM1) clearly showed remaining
non-dispersed CNT-agglomerates, which have

Optical micrograph
PC+1 wt.% CNT
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diameters up to 100 um. Additionally, the blend
morphology is also different (Fig. 1, right) which
is induced by the different filler dispersion
states in the PC pre-mixtures as the blending
process was performed under constant
conditions.From the SEM micrographs can be
clearly seen that the blend containing the PC
pre-mixture prepared with higher mixing energy
(PM2) exhibit a slightly coarser morphology
than the blend containing the PC pre-mixture
prepared with lower mixing energy (PM1). It
has to be mentioned that usually a better filler
dispersion in the pre-mixture results in a finer
blend morphology in the blend. However,
changes in blend morphology fineness are not
generally attributed to differences in the filler
aspect ratio. The coarser morphology may be
related to a more severe reduction of the
molecular weight of the PC when using PM2,
but also to a lower mean CNT aspect ratio due
to more severe CNT shortening. For better CNT
dispersion, a higher increase in the melt
viscosity of the composite may be expected, as
shown later. On the other hand, for more
severe CNT shortening, less filler-filler and filler-
polymer interactions occur, which reduces the
melt viscosity of the filled polymer component.

SEM micrograph

. }2’ 0 TR
s

~ 200pm

Figure 1: Samples with 1 wt.% CNT loading for (P(‘:1;CNT) composifes (left) and (PC+CT)/§AN poi.ymer blends showing
different states of filler dispersion (middle) as well as blend morphology (right) as a function of mixing parameters.
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Whereas better dispersion increases the
PC+CNT)/SAN viscosity ratio, the shortening
would reduce it. The latter effect would be able
to explain the coarser blend morphology at
PM2. Finally it should be remarked, that both
morphologies can be clearly considered as co-
continuous structures, which is an important
requirement for the subsequent discussion on
the physical properties.

Assessment of physical properties regarding
the influence of processing parameters

Compared to melt mixed composites based on
other polymer matrices ¢, the investigated PC
composites and selectively filled blends show
relatively low percolation thresholds. However,
the variation of the premixing parameters
results in different volume resistivity values of
the filled polycarbonate as well the filled
PC/SAN blends, in particular around the
electrical percolation thresholds (0.25 wt.% -
0.75 wt.%, Fig. 2). It can be clearly seen that at
constant MWCNT content, the filled polymer
blends show lower resistivity values compared
to the PC-CNT composites. This illustrates that
the expected double percolation effect is
achieved in the filled polymer blends 2°.

Interestingly, the PC composites and filled
blends prepared with lower mixing energy input
show also lower resistivity values compared to
those prepared at higher mixing energy, despite
a significantly worse CNT dispersion observed
with optical microscopy. This can be seen in
particular for the PC-CNT composites with
0.5 wt.% filler content and for the filled polymer
blends with lower CNT contents (<0.5 wt.%).
These particular concentrations are slightly
above the percolation thresholds, meaning that
small changes in the filler network within the
whole PC and the PC component of the blend
result in significant changes in the electrical
resistivity. Hence, at these concentrations the
expected mixing energy dependent differences
in the filler aspect ratio are very critical. In the
PC-CNT sample prepared at more gentle
condition where less CNT breakage is expected,
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Figure 2: Volume resistivity as function of CNT content for
PC-CNT composites and selectively filled (PC+CNT)/SAN
blends prepared at different mixing or premixing
conditions

the comparatively higher filler aspect ratio
results in electrical conductivity at 0.5 wt.%,
whereby in the sample prepared under more
severe conditions with an expected lower filler
aspect ratio the resistivity is significantly higher
and the sample is not conductive. The same
applies for the PC/SAN blends prepared with
the different PC-CNT composites. As dispersion
is worse in the sample processed under gentler
conditions, the higher values in the measured
resistivity can be explained by a less
pronounced shortening of the CNT length
during the melt mixing process by applying a
lower mixing energy. This assumption was
already proven in several studies 5143,

Comparing the complex melt viscosities as a
function of measurement frequencies for the
PC-CNT composites prepared under the two
different  conditions, only very minor
differences can be detected (Fig. 3 und Fig. 4).
For both systems an increase of the complex
melt viscosity can be observed with increasing
CNT content. This behavior is particularly seen
at lower measurement frequencies
(w<1rad/s), which represents the
measurement region reflecting structural
changes in the morphology. Herein the
interactions between the filler and polymer
chains as well as filler-filler interactions are
reflected in the rheological response.

HWILEY s ONLINE LIBRARY



O©CO~NOOOTA~AWNPE

Polymer
NCE Phys?cs

10° —a—PC
—e— (PC +0.125 wt.% CNT),,,
—4— (PC +0.25 wt.% CNT),,,,
>
5 —v— (PC +0.5wt.% CNT),,,
S 10%4 —e— (PC +0.75 wt.% CNT),,,
2w —<—(PC +1Wt.% CNT),,,,
gL
E =
x *5_—
2 = 10%
Q.
S
o
o
10° T T T T
0.01 0.1 1 10 100

Frequency o [rad/s]

Figure 3: Complex melt viscosity at 260°C as function of
measurement frequency for the PC-CNT composites with
the poor dispersion, mixed for 5 min @ 100 rpm (PM1)
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Figure 4: Complex melt viscosity at 260°C as function of
measurement frequency for the PC-CNT composites with
the better dispersion, mixed for 15 min @ 250 rpm (PM2)

Both systems show a distinct increase in
complex melt viscosity at 0.5 wt.% CNT content,
whereas the curves for pure PC and 0.125 wt.%
filler overlap, while the curve for 0.25 wt.% filler
shows only marginally higher values. According
to the resistivity values, at these filler
concentrations neither system is percolated. In
the rheological measurements, the polymer-
CNT interactions are measured, which explains
the observed small increase in the complex melt
viscosity at 0.25 wt.% filler. Additionally, the
observed rheological percolation threshold
depends also strongly on the chosen
experimental temperature **. For CNT contents
starting at 0.5 wt.% a pronounced increase of
the complex melt viscosity in the investigated
range of frequencies is visible. At 0.75 wt.% and
1 wt.% filler, a very distinct increase in viscosity
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with lowering the frequency is obtained,
whereby the slope at low frequencies seems to
be comparable. Obviously, this increase
represents more prominent polymer-filler and
filler-filler interactions.

For a better quantitative comparison of the two
systems, the reduced complex melt viscosity 1,
determined at the lowest measurement
frequency of 0.063 rad/s is plotted versus the
CNT volume content of the PC-CNT-composites
(Fig. 5). At lower CNT content, no obvious
differences between the two systems are seen,
however they become significant with
increasing filler content. At CNT amounts higher
than 0.5wt.%, a non-linear increase of the
reduced complex melt viscosity nr with filler
volume content is observed. Starting from this
concentration, the n, values of the system with
poor dispersion, prepared with a lower mixing
energy, are clearly above those of the better
dispersed system. The non-linear behavior of n,
vs. filler content can be fitted very well to eq. 1.
By using this Eilers equation, an intrinsic
viscosity [n] of 852 with a critical volume
content ¢pmax of 1.1 vol.% was calculated as the
best fit for the poorly dispersed system (PM1).
In comparison, for the system prepared with
higher mixing energy (PM2), a lower [n] of 676
combined with a slightly higher ¢max of 1.2 vol.%
was calculated.

- 80
2 = (PC +CNT) |
o 704 M1 -
9 e (PC+CNT),,
0 .
z - 604 ——fit [n]=852, ¢, =1.1V0l.% iwes
g g 504 — fit[n]=676, ¢, =1.2 Vol.% :
© .
8 o 404 fo s e s e .
g_ 8 i " i " H i i
3 e B B 0.75 Wt
B 20+ b ; S ‘e e
e 0.25 wt.% 0.5 wt.%
3 1010225 wtYo = i e
2 : e
0

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
CNT volume content o [-]

Figure 5: Reduced complex melt viscosity for PC-CNT

composites shows a non-linear increase as a function of

filler volume content and good agreement with
theoretical model-fit acc. to equ. (1)
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According to eqs. 2 and 3, the intrinsic viscosity
increases with increasing filler aspect ratio,
which would induce a simultaneous decrease of
the critical volume content ¢ma. This means
that for the better dispersed system a lower
filler aspect ratio can be deduced, due to more
pronounced CNT shortening by applying a
higher mixing energy, excluding the differences
in the filler dispersions. By using egs. 2 and 3 a
CNT aspect ratio of remi=267 for the poorly
dispersed system (PM1) and rpm2=235 for the
better dispersed system (PM2) was calculated.
According to datasheet of the supplier, this kind
of MWCNT has an average length of 1.5 um and
a mean diameter of 9.5 nm *, which would
result in an average aspect ratio of r=158. To
explain the higher values calculated from the
experimental rheological data, one has to
consider that datasheet mean values are used
and that the rheological measurements also
reflect the polymer-CNT and CNT-CNT
interactions. The quantitative values are also
temperature dependent®®?. However, for a
theoretical discussion, these values can be
considered as useful.

For the selectively filled PC/SAN blends, the
complex melt viscosity as function of frequency
is presented in Figs. 6 and 7. Already the
polymer blend sample without CNTs shows an
increase in complex viscosity at low
frequencies, indicative of a co-continuous
polymer blend structure **. The complex melt
viscosity increases with the CNT content over
the whole frequency range investigated. At a
filler content of 0.125 wt.%, the increase of the
complex melt viscosity at low frequencies is
already significantly higher than that for the
unfilled blend system. For frequencies higher
than 10 rad/s, this effect is less visible. At this
particular loading, neither filled polymer blend
is electrically conductive. This indicates that the
dispersed CNTs mechanically interact only with
the chains of PC, in which they are selectively
located. During the oscillating process this
interaction can be measured at lower
measurement frequencies. With a further
increase of the CNT content, these measurable
interactions become more significant and a
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further increase of the complex melt viscosity at
frequencies lower 1 rad/s can be measured. The
resistivity measurements showed that for the
selectively filled polymer blends, a percolation
at CNT contents of 0.5wt.% for the poorly
dispersed (PC+CNT)pm2/SAN and 1 wt.% for the
better dispersed  (PC+CNT)pm1/SAN.  The
rheological measurements show a more
pronounced increase of the complex viscosity
for both systems already with 0.125 wt.%,
which gets more significant with higher filler
content. It has to be considered that at higher
CNT loadings, in addition to the polymer-filler

5
10 —=— PC/SAN =60/40 wt%
g 0\“ (PC + CNT),,,,,/SAN with
= N ——0.125 wt.% CNT
3 AN —A— 0.25wt.% CNT
3 4 * * —¥—  05wt%CNT
2 — 104 e
S N Ne. —e—  10wt.%CNT
= © AN R T i
o o : :
e =
x e
3 £
[=% 1 3
= 0
o
O
10° ‘ ‘ ‘ ‘
(0.01. 0.1 1 10 100

Frequency o [rad/s]

Figure 6: Complex melt viscosity as function of
measurement frequency for the selectively filled (PC-
CNT)/SAN =60/40 wt.% polymer blends with worse filler
dispersion (PM1)

5
10
—=— PC/SAN =60/40 wt%
- . (PC + CNT),,,/SAN with
= \,\ —e—0.125wt.% CNT
8 AN —A— 0.25wt.% CNT
2 —10* S ~v—  05Wt%CNT
2 o A8 . —&—  10WtL%CNT
T a,
E =
x =
3 £
3
g 10°4 e
~e
8 ‘\0
——
2
0.01 0.1 1 10 100

Frequency ® [rad/s]
Figure 7: Complex melt viscosity as function of
measurement frequency for the selectively filled (PC-
CNT)/ SAN =60/40 wt.% polymer blends with better filler
dispersion (PM2)
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interactions, filler-filler interactions are also
measured. Additionally, the viscosity reflects
the interactions of the blend components at
their interfaces depending on the fineness of
the blends and the resulting interfacial area,
which also contributes to the measured
complex melt viscosity. As was shown before in
reference [24], adding CNTs to PC/SAN blends
leads to slightly finer blend morphologies,
which results in an increase of the polymer
blend interfacial area that additionally
contributes to the observed increase of the
complex melt viscosity at low measuring
frequencies. However, for the observed
phenomena, the changes of the filler-filler
interactions and the polymer chain-filler
interactions can be considered as the dominant
factors, compared to changes in interface
interactions between PC and SAN continuous
structures. At 1wt.% CNT loading for both
polymer blends a significant increase of the
complex melt viscosity over the whole
measurement frequencies can be observed.
Regarding the influence of the mixing
conditions on the melt viscosity the tendencies
described before for the composites are similar
and again only small differences can be seen by
comparing the complex melt viscosities of the
poorly dispersed system (Fig.6) with the better
dispersed one (Fig.7).

To study the effects in more detail also for the
blend systems, similarly like for the PC
composites the reduced complex melt viscosity
at 0.063rad/s was calculated and plotted
versus the filler volume content, shown in
Fig. 8. Clearly again a pronounced non-linear
increase of the reduced complex melt viscosity
with increasing filler volume content can be
seen, which interestingly is even steeper than
for the PC-CNT composites (cf. Fig. 5). Thus, at
the same CNT volume content slightly higher
values of the reduced complex viscosity are
reached, which may be indicative for additional
effects of a refined co-continuous morphology
as compared to the unfilled blends.
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Figure 8: Reduced complex melt viscosity for selectively
filled (PC+CNT)/SAN shows a non-linear increase with
increasing CNT volume content and good agreement with
theoretical model fit acc. to equ. (1)

At filler contents lower than 0.5 wt.%, only a
marginal increase of the reduced complex melt
viscosity can be observed, with nearly identical
values for both filled polymer blends. At a CNT
concentration of 0.5 wt.% the reduced complex
melt viscosity of the poorly dispersed system
(PC+CNT)PM1/SAN is clearly higher than the
one for the better dispersed one, which was
observed for the PC-CNT composites starting at
a filler concentration of 0.75 wt.%. For the
particular CNT concentration of 0.5 wt.% in the
selectively filled polymer blends, the better
dispersed system showed also a lower electrical
resistivity of two magnitudes, as was shown in
Fig.2.

The observed differences in the resistivity were
above explained by an assumed lower CNT
aspect ratio for the better dispersed filler due
to higher applied mixing energy. Such
assumption also explains the lower reduced
complex melt viscosity of the better dispersed
system. With a lower filler aspect ratio, a lower
increase of the reduced complex melt viscosity
can be observed with increasing filler loading.
Interestingly, although the Eilers equation was
not developed to describe  polymer
nanocomposites, the reduced complex
viscosities of the selectively filled polymer
blends could be fitted very well with equation 1,
as was shown for the PC-CNT composites in Fig.
5. Comparing the derived quantitative values
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from eq.1 for the selectively filled polymer
blends with those for the PC-CNT composites,
significant differences can be seen, whereby the
trends are the same for both mixing conditions.
The critical volume contents ¢max the same for
both investigated filled polymer blends
(3.1 vol.%), but much higher than for the PC-
CNT composites (1.1 vol% and 1.2 vol % for
both composites). However, the calculated
intrinsic viscosity [n] of the poorly dispersed
system (1961) is clearly higher than that for the
better dispersed system (1673). In addition,
both values are higher than those for the PC-
CNT composites. From the higher intrinsic
viscosity, a larger filler aspect ratio can be
deduced. Due to the selective localization of the
CNTs within the PC component, and the
additional contribution of the blend interface
area to the viscosity, no realistic filler aspect
ratios can be calculated with eqgs. 2 and 3, as
was done for the PC-CNT composites. Adapting
the calculation in a formal way results in values
for the aspect ratio of 421 (PM1) and 386
(PM2). Even when considering the additional
effects seen in the rheological response of the
blends, it can be concluded from the qualitative
differences in the calculated intrinsic viscosities
that the poorly dispersed system contains filler
with a higher aspect ratio compared to the
polymer blend with better dispersed CNTs. This
conclusion is in line with the resistivity
measurements, which showed higher values for
the poorly dispersed systems, explainable with
a less pronounced CNT shortening during the
premixing process.

Influence of the mixing conditions on the CNT
lengths before and after the mixing process

In order to verify the conclusions drawn from
the rheological measurements in context with
electrical resistivity, the length of the
nanotubes in selected pre-mixtures and blends
were measured (after extraction of the tubes)
and summarized in Table 1. In addition, length
values for this kind of CNTs measured before
compounding previously by our group using the
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same method® are given, and their aspect
ratios are calculated based on a CNT diameter
of 10 nm as measured by Krause et al. ®*. As the
reduced complex melt Vviscosities mainly
differed at 0.5 wt.% and 1.0 wt.% loading, and
the calculated values of the Eilers® equation are
mainly determined by these two
concentrations, samples with these two
amounts were selected for the length analysis.
For the CNT composites and the selectively
filled polymer blends, pronounced differences
can be seen in the results of the measured CNT
lengths depending on the mixing conditions
(Table 1). Generally it can be observed, that the
arithmetic mean values an are slightly higher
than the xso values of the measured CNTs,
independent of the investigated samples.
However, within the samples mixed under
different  processing  conditions,  distinct
differences can be observed. Considering firstly
the PC-CNT composites, significantly higher CNT
lengths were measured if the composites were
prepared with the lower mixing energy input
(PM1). This can be also observed in the
normalized frequencies of the measured CNT
lengths (Figure 9). It is remarkable that the CNTs
lengths for the samples having the lower filler
content of 0.5 wt.% are longer than those at the
higher CNT loading of 1.0 wt.%. The CNT length
histogram shows that the sample with higher
loading exhibits narrower length distribution.
This effect can be explained by the fact that the
melt viscosity increases with increasing filler
content, resulting in higher applied shear
stresses during the mixing process. Hence, for
the samples containing 1 wt.% CNTs aspect
ratios between 75 and 93 were calculated,
depending on the mixing energy and used
statistical value, whereas the composites with
0.5 wt.% CNTs exhibit aspect ratios between 93
and 127. Given that the experimentally
determined aspect ratio of the as-received CNTs
is 134-164, a clear difference can be observed
for all PC-CNT composites.
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Table 1: Measured CNT lengths for the composites and the selectively filled polymer blends

X10 Xso  aspect ratio Xg0 arithmetic aspect ratio
using Xso mean value using am
[hm]  [nm] [-] [nm] am [nm] [-]
(PC + 1 wt.% CNT)pm2 489 749 75 1153 802 80
(PC + 1 wt.% CNT)pm1 514 857 86 1457 932 93
(PC + 0.5 wt.% CNT)pm2 566 933 93 1619 1036 104
(PC + 0.5 wt.% CNT)pm1 644 1016 101 1903 1265 127
(PC + CNT)pm2/SAN, 1 wt.% 189 372 37 651 411 41
(PC + CNT)em1/SAN, 1 wt.% 167 382 38 780 456 46
(PC + CNT)pm2/SAN, 0.5 wt.% 204 365 37 645 401 40
(PC + CNT)pm1/SAN, 0.5 wt.% 200 403 40 855 511 51
NC7000 *° 512 1341 134 3314 1643 164

This indicates a strong reduction of the aspect
ratio during the first mixing process step, where
a larger reduction occurs at higher CNT content.
These measured values, however, are smaller
than those calculated from rheological results
using eq. 1 (235 and 267), due to the mentioned
additional effects of filler-filler interactions as
well as polymer-filler interactions and their
temperature dependence on rheological
results. Nevertheless, the measured and
calculated values clearly show the same trend
that with higher mixing energy a more
pronounced length reduction occurs, which
finally results in lower electrical conductivity .
This phenomenon of length reduction is
interestingly even more pronounced if the CNT
were incorporated into the polymer blend via
the two step mixing process (table 1). In that
case even more reduced CNT lengths were
measured for both filler contents compared to
the PC-CNT composites, due to the higher
mixing energy input induced by higher CNT
contents in the corresponding pre-mixtures and
the second mixing step. The histograms of the
measured CNT lengths show a more narrow
length distribution and lower length values
(Figure 10). This means that in contrast to the
study by Guo et al.?, where CNTs were
localized in the PMMA component of PS/PMMA
blends, our blending process contributes
drastically to the CNT length reduction.

Mﬁh&ﬂ%".& WWW.MATERIALSVIEWS.COM
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One explanation for that effect can be that
during the dispersive mixing process of the co-
continuous  polymer bend components
component - high stresses are applied, which
also break simultaneously the CNTs within the
PC component. In addition, the starting CNT
concentrations in the corresponding PC-CNT
premixtures were higher than in the PC-CNT
composites to reach the same CNT content in
blends and composites. As shown before,
higher CNT loading leads to higher shortening.
However, CNT shortening in blends with
0.5 wt.% CNTs (0.84 wt.% in the premixtures) is
larger than in the composites with 1 wt.% CNTs
at both mixing conditions, again illustrating the
blending effect on shortening. The differences
among the aspect ratios of the CNTs in the
blends prepared from the different premixtures
are relatively small (37-51), and hence the
influence of mixing conditions in the pre-mixing
step is reduced. The CNT lengths reach x50-
values between 350-500 nm; this range was
previously observed to be the interval in which
the reduction in CNT length as a function of
increasing mixing energy input levels off 1047,
Regarding the influence of the pre-mixing
conditions on the CNT length reduction — which
was clearly found for the PC-CNT composites —
only the arithmetic mean values show
significant differences for the selectively filled
polymer blends.
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Figure 9: Normalized frequencies of the measured CNT
lengths for the composites prepared with different filler
loadings and mixing conditions
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Figure 10: Normalized frequencies of the measured CNT
lengths for the selectively filled polymer blend
composites prepared with different filler loadings and
premixing conditions

Comparing these values, the lower applied
premixing energy results in slightly less
shortening of the CNTs.

The existence of only a small difference in
aspect ratios between both pre-mixing
conditions could be also found in the calculated
values based on the rheological measurements
adapting eq.1. However, these calculated
values deviate considerably from the real
length, due to additional effects measured in
the blend systems. Nevertheless a qualitatively
based discussion is possible, as the same trends
are observed, which explain the differences in
the measured electrical properties.
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CONCLUSIONS

Within this study new important findings are
reported regarding the influence of melt mixing
conditions on the filler dispersion, the electrical
conductivity and melt rheological properties of
PC-CNT composites as well as selectively filled
(PC+CNT)/SAN = 60/40 wt.% polymer blends.
Several conclusions obtained from the
investigation of PC-CNT composites could be
transferred towards the selectively filled
polymer blends. The important findings on PC-
CNT composites can be summarized as
followed:

(a) The application of higher mixing energy
during the melt mixing process results in
significant better dispersion of the CNTs in PC.
(b) The better dispersed system possesses a
lower electrical conductivity, due to a more
pronounced shortening of the CNTs during the
mixing process with PC.

(c) With a higher CNT content a more
pronounced CNT length reduction is observed.
The first two observations were also made for
the selectively filled polymer blends, where the
CNTs were premixed firstly with PC and
afterwards blended with SAN. However, it was
also found that the second blending process
itself additionally reduces the CNT lengths
drastically. This decrease is even higher than
that achieved using the premixing condition set
with high mixing energy (PM2).

Adding CNTs increases the complex melt
viscosity of the PC and the selectively filled
PC/SAN blends, in particular seen at lower
measurement frequencies. The dependence of
the reduced complex melt viscosity on the filler
volume content could be described very well
with the Eilers equation originally proposed for
filled emulsions 2%, and here applied for PC-CNT
composites as well as selectively filled co-
continuous PC/SAN blends. Based on this
equation, CNT aspect ratio values could be
calculated for the PC-CNT composites. The
trend of the calculated values was in agreement
with CNT lengths measured for CNTs extracted
from each composite. Both derived values - the
measured and calculated aspect ratios - explain
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well the lower resistivity observed for the
poorly dispersed samples achieved at mixing
conditions with lower mixing energy input, due
to less shortening of the CNTSs.

When applying the Eilers equation formally to
the selectively filled (PC+CNT)/SAN blends, the
derived values could be used for a qualitative
discussion of the filler aspect ratio in
dependence on melt mixing conditions. In
summary, melt rheological measurements
combined with the adaption of the Eilers
equation offers a suitable and effective tool to
estimate the filler aspect ratio and to draw
conclusions concerning the electrical
conductivity of CNT filled composites and blend
composites.
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TEXT

THIS STUDY EXPLORES THE RELATIONSHIP BETWEEN MELT MIXING CONDITIONS; FILLER DISPERSION
AND ELECTRICAL AND REOLOGICAL PROPERTIES OF CARBON NANOTUBE-POLYCARBONATE COMPOSITES
AND THEIR BLENDS WITH POLY(STYRENE-ACRYLONITRILE). THE MELT RHEOLOGICAL PROPERTIES WERE
FITTED TO A MATHEMATICAL EQUATION (EILERS) FROM WHICH THE CALCULATED FILLER ASPECT
RATIOS WAS USED TO EXPLAIN THE OBSERVED RELATIONSHIP BETWEEN THE MELT MIXING CONDITIONS
AND ELECTRICAL PROPERTIES. CNT LENGTH MEASUREMENTS SUPPORT THE QUALITATIVELY DISCUSSED
TRENDS.
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