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ABSTRACT: A systematic study was done on morphological, electrical and rheological behavior of co-continuous or dispersed-type
polycarbonate (PC)/acrylonitrile-styrene-butadiene (ABS) blends, containing different amounts of multiwalled carbon nanotubes
(MWNT). The MWNTs gave substantial electrical conductivities to these nanocomposites at very low concentrations, owing to the
effective melt processing method. Because of selective localization of MWNTs in the PC phase, along with double percolation phe-
nomenon, the blend with co-continuous morphology showed a lower electrical and rheological percolation threshold, higher melt vis-
cosity and elasticity, as compared to the system with dispersed morphology. The morphology of both the blend systems was refined
as a result of MWNTSs incorporation but the morphology type remained unchanged. A typical role of compatibilizer in refining blend
morphology was observed in both the systems. The electrical conductivity of the system filled with MWNTs in presence of compati-
bilizer, was lower than the systems filled with MWNTs only, which was attributed to role of compatibilizer in directing a part of
MWNTs from PC matrix toward ABS phase. With increasing compatibilizer/MWNTs ratio, the influence of compatibilizer on mor-
phology refinement and conductivity reduction was intensified. By comparing TEM micrograph of PC/SAN/MWNTs with that of
PC/ABS/MWNTs, it was revealed that small portion of MWNTs was also located on polybutadiene rubber fraction of ABS. © 2013
Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2013
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INTRODUCTION certain concentration, a sudden change in the morphological
state of the conductive tubes occurs, which is called “percolation
threshold.” At this concentration, a CNT network is formed by
interconnected nanotubes.'>'* Through efficient dispersing of
primary nanotube agglomerates, a higher amount of tubes
would be available to form the percolated network. In blend

based nanocomposites, the amount of tubes needed to reach

Since the first patent on multiwalled carbon nanotubes was filed
in 1987," and Tijima first detailed paper showing high resolution
TEM of carbon nanotubes (CNT) in 1991,% considerable interest
has been drawn on CNT-based polymer nanocomposites, due to
their unique mechanical and electrical properties.” Although
many high strength and electronically conductive CNT-filled
polymer nanocomposites have been prepared to date, compara-
bly little work has been carried out on nanocomposites based
on polymer blend systems.”™? Polymer blend nanocomposites
may lead to a new class of high performance materials, which
combine the advantages of polymer blends and the merits of

electrical percolation can be even lower than that of a single-
polymer composite, if the nanotubes selectively localize in a
continuous phase or at the interface. Especially desired are co-
continuous blends, where a double percolation phenomenon
can be achieved. The percolation threshold is then dependent

polymer nanocomposites. The properties of CNT-filled polymer
systems are highly influenced by the nanofiller content, as well
as its morphological state. The electrical conductivity of these
materials discontinuously increases with CNT content. At
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on the amount of CNT, and also on the blend morphology,
which in turn is a function of blend composition, the compati-
bilizer, and the processing conditions. For a system similar to
the commercially important PC/ABS system under investigation
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in this study, selective localization and migration of MWNTs to-
ward the PC phase in PC/SAN blends, even if the nanotubes
were first dispersed in SAN, have been reported before.'! It was
shown that this selective localization has led to lower electrical
percolation threshold in the blends as compared to the single-
polymer nanocomposites.

Dynamic rheological measurements are shown to be a suitable
tool to evaluate material structure without destruction of the
structure under investigation. On the one hand, the rheologi-
cal properties of the molten components in immiscible
polymer blends affect the blend morphology, and thus, the
processing/morphology/property relationships. Moreover, from
rheological measurements it is possible to deduce on the mor-
phology of multiphase blends.'> The addition of nanofiller
changes the rheological properties of the filled component(s),
and thus, may also change the developed blend morphology.
It has been found that a characteristic viscoelastic response
reflects the development of a combined polymer-nanotube
network structure, which can be attributed to a rheological
percolation.'®'”

In immiscible polymer systems, it is necessary to modify the
interface between the polymer blend phases by compatibiliza-
tion that induces a better adhesion and a lower interfacial ten-
sion between the phases, and results in uniform and a refined
morphology of the dispersed phase. On the other hand, a com-
patibilization between the nanotubes and the polymer phase(s)
can be useful to positively affect the state of filler dispersion,
and adhesion between nanotubes and polymer.'®

In case of polymer-nanotube composites with single polymer
matrix, the interrelationships between electrical, morphological,
and rheological properties have been studied intensively over
the last decade.®* However, these relationships have been
rarely studied in the same extent for immiscible polymer blend-
based nanocomposites.

In this article, a systematic investigation is presented that
characterizes melt processed polycarbonate (PC)/acrylonitrile
butadiene styrene copolymer (ABS)/MWNT nanocomposites
by varying the nanofiller content, and filler to compatibilizer
ratio, at two fixed blend compositions. A styrene-acrylonitrile-
maleic anhydride copolymer (SAN-MA) is used as compatibil-
izer to mediate between the blend components, and also
possibly, to direct CNTs toward ABS phase. The strong polar
nature of MA group and its affinity toward CNTs, together
with interaction between the common SAN phases of the
compatibilizer and ABS can induce a coupling between CNTs
and ABS.

This study combines morphological investigations on blend
morphology and filler dispersion with electrical and rheological
characterization. Immiscible PC/ABS blends are well established
commercial materials having a good combination of toughness,
stiffness, and processability.”> Considering the role of CNTs in
enhancement of electrical performances of polymers, it is
expected that the addition of small amount of multiwalled car-
bon nanotubes (MWNTs) to the PC/ABS blend system
improves its electrical properties without impeding its
processability.
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Materials

All materials (T45 Bay Blend, T85 Bay Blend, Polycarbonate
Macrolon 2600, SAN Lustran M60, ABS Novodour Graft (SAN-
g-PB) and SAN-MA) were supplied by Bayer AG. T45 is a com-
mercial PC/ABS blend (ABS-rich). It is a general purpose injec-
tion molding grade with melt volume flow-rate (MVR) of 12
cm’/10 min (at 260 °C, 5 kg), and melt viscosity of 200 Pas (at
260°C, 1000 s~'). T85 is a high impact PC-rich blend with a
MVR of 12 ¢m’/10 min and melt viscosity of 290 Pas. The
MWNTs employed in this work were Nanocyl™ NC 7000
(Nanocyl S.A., Sambreville, Belgium), an as produced material
with a carbon purity >90% with average tube length of 1.5 um
and average diameter of 9.5 nm. Before mixing, the polymers
and MWNT were dried in a vacuum oven at 100 °C for 4 h.

Sample Preparation

The nanocomposites were prepared through a one-step process
in a small scale DACA Microcompounder (conical twin screw
compounder with 4.5 cm’ capacity). Prior to the melt mixing
process, the commercial blends were dry-premixed with MWNT
in a specified ratio, and then, fed into the compounder. The
detailed composition of the studied samples is presented in
Table I. A processing temperature of 260°C, a screw speed of
150 rpm, and a mixing time of 5 min were used for preparation
of the blends and nanocomposites. The extruded strands were
cooled on an aluminum tray in air. For electrical conductivity
studies, the extruded strands were compression molded into rec-
tangular 0.5-mm thick sheets with dimensions of 20 x 10 mm?
at 260°C and 10 MPa.

Characterization

The dispersion of the MWNTs in the blend was studied by
means of transmission electron microscopy (TEM). Ultra thin
sections of the extruded samples (approximately 70-nm thick)
were obtained at room temperature, using an EM UC/F6 ultra-
microtome equipped with a diamond knife. The cuts were
observed by means of a Leo 910 (Carl Zeiss) microscope using
an accelerated voltage of 120 KV.

Scanning electron microscopy (SEM) was used to characterize
the morphology of the blends and nanocomposites. An extruded
polymer strand was immersed in liquid nitrogen for some time,
and a brittle fracture was performed. The fractured surface for
ABS-rich samples (T45) was etched in NaOH solution, capable
of hydrolyzing PC phase only, at 105°C for 45 min. Also, the
fractured surface for PC-rich samples (T85) was etched in sulfo-
chromic acid solution, capable of oxidizing only ABS or SAN
phase at 80°C for 15 min. The etched surfaces were placed in hot
water at 80°C for 20 min. After proper drying, they were gold
sputtered and observed under a PHILIPS CM200.

For determination of electrical properties of the samples having
lower electrical conductivity (electrical resistivity higher than
107 Q cm™ '), thin sheets with 60 mm diameter and 0.35 mm
thickness were prepared by compression molding at 260°C and
10 MPa, and electrical volume conductivity was measured using
an electrometer model 6517 combined with a 8009A Resistivity
Test Fixture (both from Keithley). In the case of samples with
higher electrical conductivity (electrical resistivity lower than
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Sample code PC (wt %) SAN (wt %) ABS (wt %) SANMA (wt %) MWNTSs (wt %)
PC 100 - - - -

SAN - 100 - - -

ABS - - 100 - -
PC/CNTO0.75 97.25 - - - 0.75
SAN/CNTO.75 = 97.25 = = 0.75
ABS/CNTO0.75 - - 97.25 - 0.75

T45 45 = 55 = =

T85 70 - 30 - -
T45C0.05 - - - - T45+0.05
T45C0.1 - - - - T45+ 0.1
T45C0.25 = = = = T45+0.25
T45C0.5 - - - - T45+0.5
T45C1 - - - - T45+1
T85C0.05 - - - - T85+0.05
T85C0.1 = = - - T85+0.1
T85C0.25 - - - - T85+0.25
T85C0.5 = = = = T85+0.5
T85C1 - - - - T85+1
T4550.5C0.5 - = - T45 +0.5+0.5

T4552C0.5 - - - T45+2+0.5

T4554C0.5 = = = T45+4+0.5

T85S0.5C0.5 - - - T85+0.5+0.5

T8554C0.5 = = = T85+4+0.5

T4552.5 - - - T45+2.5 -
T4554.5 = = = T45+4.5 =
T8554.5 - - - T85+4.5 -
PC70/SAN30/SANMAOQ.75/CNT0.75 68.95 29.55 = 0.75 0.75
PC70/ABS30/SANMAQ.75/CNT0.75 68.95 - 29.55 0.75 0.75

107 Q cm™ ), strips with 20 x 3 x 0.5 mm’ were cut from the
pressed sheets and electrical conductivity was measured using
Keithley model 2000 electrometer combined with a four-point
test fixture having two gold wire electrodes in a distance of 16
mm and two measuring electrodes 10 mm apart. The reported
values are average of at least four measurements for each
sample.

Dynamic rheological characterization was performed in a
MCR300 rheometer (Anton Paar) with a 25 mm parallel plate
fixture and a gap of 0.5 mm at 260°C under nitrogen atmos-
phere. Frequency sweeps from 100 to 0.1 rad/s were carried out.
Prior to the measurements, strain sweep tests were performed
to determine the linear viscoelastic strain range. The samples
for rheological test were cut from thin sheets with 60-mm di-
ameter and 0.35-mm thickness, which were prepared by com-
pression molding at 260°C and 10 MPa.

RESULTS AND DISCUSSION

Blend Morphology
Figure 1 shows SEM images of cut surfaces of the T45 (ABS-
rich) blend and its nanocomposites, in which the PC phase was

M&\“\‘Fli"s WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

removed by hydrolization, and thus, appears in black. Although
in some regions, large and deformed droplets are observable on
the surface of the etched cuts of T45 blend [Figure 1(a)], it is
observed that T45 morphology is close to the co-continuity
window [inset image of Figure 1(a)]. Addition of 0.5 wt %
MWNTs to this blend refines the PC phase [Figure 1(b)]. Addi-
tion of 1 wt % MWNTs further refines the co-continuous mor-
phology [Figure 1(c)]. Incorporation of 4.5 wt % SAN-MA as
compatibilizer into the pure T45 blend changes the co-continu-
ous to a dispersed-type morphology [Figure 1(d)]. This can be
attributed to reduction of interfacial tension of the system due
to increased interfacial interactions between the blend compo-
nents.”> By simultaneous addition of 0.5 wt % SAN-MA and
0.5 wt % MWNTs to T45 blend, a coarsening of the co-continu-
ous morphology of the T45 blend compared to that of noncom-
patibilized T45C0.5 nanocomposite sample was observed [com-
paring Figure 1(e) with 1(b)], though it has a finer co-
continuous morphology as compared to the neat T45 sample
[comparing Figure 1(e) with 1(a)]. As it was expected, the com-
patibilizer seems to be able to establish some sort of coupling
between CNTs and ABS, which may help in directing CNTs
from PC phase toward ABS phase. As a result of this, the slight
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Figure 1. SEM images of T45 and T85 blends and the blend-based nanocomposites: (a) T45, (b) T45C0.5, (c) T45C1, (d) T4554.5, (e) T4550.5C0.5, (f)
T4554C0.5, (g) T85, (h) T85C0.5, (i) T85CI, (j) T85S4.5, (k) T85S0.5C0.5, and (1) T85S4C0.5 (For T45, PC etched out using NaOH, and for T85, ABS

etched out using sulfochromic acid solution).

coarsening of PC phase is justifiable. Increase of SAN-MA/
MWNT ratio from 1 to 8 refines the blend morphology again
[comparing Figure 1(e) with 1(f)], which can be attributed to
compatibilization role of SAN-MA. The higher amount of SAN-
MA pronounces the interfacial interactions between the blend
components, and this leads to morphology refinement.

Figure 1 also depicts SEM images of the PC-rich T85 blend and
its nanocomposites. Generally, in these series of samples, clear
morphologies are not seen. Here, the ABS and SAN phases of
the blends have been etched out, and therefore, they appear as
black dots dispersed within the remaining PC matrix. In a first
look, large differences in the size of dispersed phase are not
seen within these series of samples. The unmodified blend
shows dispersed-type morphology [Figure 1(g)]. Addition of 0.5
wt % MWNTs to this blend decreases the size of dispersed
phase droplets, slightly, and refines the morphology [Figure
1(h)]. The selective localization of MWNTs in PC matrix may
increase its viscosity, which changes viscosity ratio, and there-
fore, smaller ABS droplets form. Addition of 1 wt % MWNTs
further refines the morphology. Unlike the T45 system, addition
of 4.5 wt % SAN-MA to the pure blend does not change the
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morphology type [comparing Figure 1(g) with 1(j)]. This could
be due to the fact that the system is sufficiently far away from
co-continuity region, and therefore, presence of compatibilizer
is not capable of changing the general appearance of the dis-
persed-type morphology of the blend. Simultaneous addition of
0.5 wt % MWNTs and 0.5 wt % SAN-MA to T85 blend
increases the size of droplets [Figure 1(k)], compared to that of
noncompatibilized sample [Figure 1(h)]. As mentioned above,
the reason can be attributed to the role of compatibilizer in
directing MWNTs toward ABS phase. This increases viscosity
and elasticity ratio of the system (dispersed phase to matrix),
and hence, bigger droplets can be formed. Due to the same rea-
son, an increase of SAN-MA/MWNTs ratio from 1 to 8
increases the size of droplets [comparing Figure 1(k) with 1(1)].

MWNT Dispersion State

Figure 2 shows TEM images of the individual blend compo-
nents filled with MWNTs i.e. PC/CNTO0.75, SAN/CNTO.75, and
ABS/CNTO0.75 samples. Within PC as matrix, the nanotubes are
well dispersed and seen in most cases as single tubes. Moreover,
they have a homogeneous distribution.
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Figure 2. TEM images of MWNT-filled blend components and blend-based nanocomposites: (a) PC/CNT0.75, (b) SAN/CNTO0.75, (c) ABS/CNTO.75,
(d,e) PC70/SAN30/SANMAO0.75/CNT0.75 and (f,g) PC70/ABS30/SANMA0.75/CNT0.75.

Generally, it is observed from Figure 2 that the state of nano-
tube dispersion is better within PC than those of SAN and ABS
matrices. In SAN matrix, the nanotubes show areas with higher
nanotube concentrations, indicating a worse state of dispersion
and distribution. In ABS matrix, an enrichment of nanotubes in
some areas is observed, which indicates nanotubes attraction to-
ward the rubbery polybutadiene particles with sizes of about
200 nm. The attraction of nano-particles toward the rubbery
polybutadiene fraction of ABS has been reported, earlier.”*

To study the dispersion state of MWNTs in the blends and to
determine the differences between performance of SAN and
ABS in their blends with PC, two series of PC/SAN and PC/
ABS blends (PC-rich, i.e., 70/30 for both the systems) were pre-
pared, and their morphologies were investigated by TEM. The
TEM results presented in Figure 2 clearly show that there is a
kind of selective localization of MWNTs within one phase in
both the systems. A disperse-matrix morphology, with PC as
continuous phase, is seen for PC/ABS system, whereas the PC/
SAN system shows a co-continuous morphology. In the case of
PC/SAN system [Figure 2(d,e)], selective localization of MWNTs
in PC phase can be concluded from comparing the areas of
nanotube-free and nanotube-containing regions of TEM images.

MA%& WWW.MATERIALSVIEWS.COM
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The result correlates with the studied volume blend composi-
tion that is about PC/ABS = 67/33 vol %. On the other hand,
according to previous studies, the darker phase in TEM images
of this blend can be assigned to PC phase.'"** This selective
localization was attributed to lower interfacial energies between
MWNTs and PC phase as compared to the SAN phase.'' In
case of the PC/ABS system [Figure 2(f,g)], a similar selective
localization of MWNTs within the continuous PC phase is
observed. However, small part of MWNTs is also located at the
rubbery polybutadiene fraction of ABS.

Melt Rheological Properties

Next to morphological investigations, melt rheological charac-
terization gives information about the structure of nanocompo-
sites and blends. In addition, conclusions can be drawn toward
the processing behavior of the nanocomposite blends. Therefore,
frequency sweeps were performed on the materials. Complex
viscosity, storage modulus, and loss modulus are shown in Fig-
ure 3(a,b), for T45 and T85 blends and the nanocomposites
based on these blends, respectively. Generally, in all PC/ABS
blends a non-Newtonian behavior is observed, which indicates
existence of a yield stress phenomenon. Such behavior can be
attributed to the rubbery polybutadiene fraction of the ABS
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Figure 3. Rheological behavior of: T45 blend and the blend-based nanocomposites (a) complex viscosity, (b) shear storage modulus, (c) shear loss mod-
ulus; and T85 blend and the blend-based nanocomposites (d) complex viscosity, (e) shear storage modulus, (f) shear loss modulus. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

component in the blends and nanocomposites.”®*’ Significant
increase of viscosity with incorporation of MWNTs is seen,
especially at low frequencies. The rheological behavior of the
blends depends on the behavior of the blend components as
well as on the blend morphology. Incorporation of CNT into
the blends changes both the viscosity of filled (PC) phase and,
as it was seen in the SEM investigations, the phase domain size.
Therefore, the observed changes in rheological behavior should
be attributed to the combined effect of these two phenomena,
along with the nanotube-polymer network formation. Complex
viscosity curve of nanocomposites incorporated with low
amount of MWNTs (i.e., less than 0.25 wt % MWNTs) show a
frequency dependency, similar to that of the neat blends. The
addition of higher amounts of MWNT increases both storage
and loss modulus, especially at low frequency region, whereas
the effect on storage modulus is more significant as compared
to that of loss modulus.

Incorporation of MWNTs to the neat blends in presence of an
equal amount of SAN-MA causes insignificant decrease of com-
plex viscosity and storage modulus at low frequencies, com-
pared to the MWNTs-filled noncompatibilized sample (i.e.,
T85C0.5). This can be attributed to the inherent low complex
viscosity and storage modulus of the compatibilizer, as com-
pared to those of the blend components. A higher amount of
SAN-MA results in a more significant decrease of the rheologi-
cal characteristics.

Comparison between rheological response of T45 and T85
blends and their nanocomposites shows that T45-based samples
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have higher complex viscosity and storage modulus at terminal
zone, compared to T85. This can be attributed to the higher
ABS content of the T45 blend and its co-continuous morphol-
ogy. ABS has generally a higher viscosity than PC due to pres-
ence of the rubbery PB fraction.

Electrical Properties

In context with the blend morphology, also changes in the elec-
trical properties may be assumed. Figure 4(a,b) show the effect
of MWNT contents up to 1 wt % on the electrical volume resis-
tivity of T45- and T85-based nanocomposites, respectively.

The electrical resistivity of pure PC/ABS blend is ca. 2 x 10" Q cm™,
but addition of MWNT steeply decreases the electrical resistivity
of the T45 and T85-based nanocomposites at 0.25 and 0.5 wt %
MWNT, respectively. The observed steep decrease in electrical
resistivity illustrates the formation of a continuous nanotubes
conductive electrical path, and can be attributed to the electrical
percolation threshold composition. Above these concentrations,
the electrical resistivity decreases with increasing MWNTs
content, gradually. The lower percolation threshold in T45 blends
as compared to T85 can be explained with the morphology of
these systems, which will be discussed, subsequently.

The addition of SAN-MA slightly decreases the electrical volume
resistivity of T45 and T85 blend nanocomposites containing 0.5
wt % MWNT. This can be attributed to the observed changes
in morphology, and formation of a more perfect co-continuous
structure, as revealed by SEM analysis. It is observed that
increase of SAN-MA/MWNTs weight ratio from 1 to 8 increases
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Figure 4. Electrical resistivity values of T45- and T85 blend-based nano-
composite containing: (a) different MWNTs, and (b) different SANMA/
MWNT ratios. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the electrical resistivity [Figure 4(c,d)], attributed to role of
compatibilizer in directing a part of MWNT from PC matrix
toward ABS phase. Comparison between electrical resistivity val-
ues for compatibilized nanocomposites based on T45 and T85
blends shows that at a constant SAN-MA/MWNTs weight ratio,
the electrical resistivity of compatibilized nanocomposites based
on T85 blend is lower than that of sample based on T45 blend.

Correlation Between Morphological and Rheological
Properties

The phase inversion composition can be predicted, based on
blend components viscosities. According to the empirical rela-
tionship proposed by Avgeropoulos et al.?® and its generalized
format suggested by Paul and Barlow,” the phase inversion
takes place when the volume ratio is equal to the viscosity ratio
of the blend components. In the case of PC/ABS blend system
the relationship can be expressed as follows:

®aps = 1/(1+ 1o /Mass) (1)

where 1 and ¢ designate viscosity and volume fraction of blend
components, respectively.

The model suggested by Utracki’>*' incorporates intrinsic vis-

cosity ([n]), as well. For the PC/ABS blend system it leads to
the following expression:

@aps = (1 —log(npc/Nags)/n])/2 (2)

where (1] was assumed to be 1.9 for spherical domains.

M“\“\‘.Flf"‘s WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

ARTICLE

Metelkin and Blekht®® developed another approach, according
to the theory of Tomotika®® on instability of a liquid film/cylin-
der in another liquid. The expression adapted to the PC/ABS
blend system can be written as:

@aps = 1/(1+ F(itpc/Maps) X Mpc/Maps) (3)

where F is obtained from the following equation:*'

F(npc/Naps) = 1 +2.25 log(ipc/Naps) + 1.81[log(;1pc/11ABs)]2
(4)

The predicted phase inversion composition according to the
above three models are shown in Figure 5. The viscosity ratios
were calculated from PC, ABS, PC/CNT0.75, and ABS/CNT0.75
complex viscosity values measured at the same frequencies. The
dispersed phase volume percentage (¢ ;%) was calculated from
dispersed phase weight percentage using mixture’s rule, with
considering the densities of PC, and ABS as 1.20 and 1.04 g/
cm?, respectively. Some other relationships were also proposed
by Ho et al.,”® Kitayama and Keskkula,”> and Everaert et al.>® by
modifying eq. (1), with introduction of some prefactors or
exponents to achieve better fitting to the experimental data.

As observed in Figure 5, the Metelkin—Blekht equation shows
that T45 blend (ABS-rich blend whose viscosity ratio was meas-
ured at 0.1 rad/s frequency) is close to the phase inversion
region, while T85 blend (PC-rich blend whose viscosity ratio
was measured at 0.1 rad/s frequency) has a dispersed-matrix
type structure, which agrees well with the SEM observation dis-
cussed previously. Incorporation of 0.5 wt % MWNT into T45
blend puts it far from the phase inversion region, supporting
the aforementioned SEM analysis. Tendency to the dispersed-
matrix morphology with introduction of 0.5 wt % MWNT is
also observed for T85 blend.

Correlation Between Electrical and Morphological Properties
Comparison between electrical resistivity values for nanocompo-
sites shows that at a constant MWNTs content, the electrical
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Figure 5. Phase inversion composition for PC/ABS blends and PC/ABS/MWNT
nanocomposites according to Paul and Barlow, Metelkin Blekht, and Utracki
models. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 6. Correlation between electrical and rheological properties: (a) T45 containing different MWNT amounts, (b) T85 containing different MWNT
amounts, (c) T45 containing different SANMA/MWNT ratios, and (d) T85 containing different SANMA/MWNT ratios. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

resistivity of nanocomposites based on T85 blend is higher than
those of T45 blend. Considering the fact that majority of
MWNTs are localized in PC phase, in T45 blend-based nano-
composites having ABS-rich composition, MWNTs are localized
in a lower content of PC, that is, 45 wt %, compared to T85
blend-based nanocomposites with higher PC content of 70 wt
%, thus having a higher concentration in PC. Both the CNTs-
filled T45 and T85 nanocomposite systems are considered dou-
ble percolated systems. In the case of T45, the double percola-
tion is attributed to its co-continuous structure, whereas the
double percolation for T85 system occurs since PC phase, which
accommodates all CNTs, is the blend matrix here.

Correlation Between Electrical and Rheological
Characteristics

Figure 6(a,b) depict change of electrical conductivity (reciprocal
to electrical volume resistivity) and storage modulus (values at
0.1 rad/s) versus CNT content and/or compatibilizer/CNT
ratios, for T45 and T85 systems, respectively. The measured val-
ues of storage modulus and electrical conductivity increase
monotonically with MWNT content. Comparing both qualities,
the relative increase of these parameters is higher for electrical
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conductivity values than storage modulus. It is well known that
electrical conductivity follows a percolation rule with a sharp
change from the insulating polymer to a nanotube network,
where the nanotubes may be wrapped by (insulating) polymer
chains. This change has been reported to be in the range of
6-17 decades. In this study, the observed change in electrical
conductivity is about 10 decades at the percolation thresholds
(T45/CNT0.25 and T85/CNTO.5). In contrast, the storage mod-
ulus, representing the viscoelastic behavior in the melt state,
changes up to 4 decades. The possible reason is that opc is only
affected by MWNTs-MWNTs network, while storage modulus is
influenced by three kinds of networks, that is, polymer-polymer,
polymer-MWNT and MWNT-MWNT. The changes in both
conductivity and storage modulus with addition of compatibil-
izer is attributed to improved MWNTs dispersion state, due to
its good interaction with SAN-MA within conductive phase,
that is, PC.

CONCLUSIONS

Different amounts of MWNTs were added to commercial PC/
ABS blends, co-continuous T45 (ABS-rich), and dispersed-type
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T85 (PC-rich), in order to improve the blend properties. The
changes in blend morphology, rheology, and electrical properties
were studied in terms of variations in MWNT content, presence
or absence of compatibilizer and compatibilizer/MWNTs ratio.
Moreover, a PC/SAN/MWNT system with similar composition
to that of T85 was made to define the role of polybutadiene
fraction of the ABS component on dispersion state of MWNTs
in the nanocomposites.

TEM results confirmed that in both the systems (T45 and T85)
MWNT was mainly localized in PC phase of the blends. Addi-
tion of MWNTs to these blend systems led to significant
enhancement of electrical conductivity of the blends. The elec-
trical percolation threshold in the system with co-continuous
morphology, due to double percolation phenomenon, was lower
than that of the system with dispersed-type morphology. More-
over, incorporation of MWNT to these systems refined the
blend morphologies. This refinement was attributed to localiza-
tion of MWNT in PC matrix, which increased its elasticity and
viscosity, and resulted in more viscous shear stresses being
imposed on the ABS dispersed phase. The rheological percola-
tion, in a similar manner to the electrical percolation, occurred
at a lower MWNT content in the system with co-continuous
morphology, as compared to that of the system with dispersed-
type morphology. This reconfirmed the importance of double
percolation phenomena.

SEM investigation and theoretical analysis using different mod-
els for prediction of the type of blend morphology for the both
systems, in presence and absence of MWNT, confirmed that the
type of morphology did not change by incorporation of
MWNT into the blends.

A typical role of compatibilizer in refining blend morphology
was observed in both systems. In addition, for T45 system, it
changed the co-continuous morphology to dispersed-type,
attributed to the viscosity reduction due to inherent low viscos-
ity of the compatibilizer. With incorporation of MWNT in pres-
ence of compatibilizer to the T45 system, the morphology
changed again to the co-continuous type but showed a more
refined morphology. This refinement was in agreement with the
findings on localization of MWNT in PC phase, and its conse-
quences on blend rheological properties. The electrical conduc-
tivity of both the systems, filled with MWNT in presence of
compatibilizer, was lower than the systems filled with MWNT
only, attributed to role of compatibilizer in directing a part of
MWNT from PC matrix toward ABS phase.

With increasing compatibilizer/MWNTs ratio, the influence of
compatibilizer on refining morphology and reducing electrical
conductivity was more pronounced. Because of inherent low
viscosity of compatibilizer, its incorporation to both the systems
decreased the viscosity. This reduction was such that it masked
the viscosity and elasticity enhancement caused by incorpora-
tion of MWNT to these blend systems.

TEM analysis of PC/SAN/MWNT and PC/ABS/MWNT systems
revealed a similar selective localization of MWNT within the
continuous PC phase in both the systems. However, a small
portion of MWNTs was also located on polybutadiene rubber
fraction of ABS.
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