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Abstract

The influence of the reactive component (N-phenylmaleimide styrene maleic anhydride)
on the blend morphology, the localization of functionalized multiwalled carbon
nanotubes (MWCNTs), and the electrical resistivity of MWCNT filled blend systems of
polycarbonate (PC) and poly(styrene-co-acrylonitrile) (SAN) was investigated. SAN, PC,
amino-functionalized MWCNT's (Nanocyl® 3152) and the reactive component (RC) were
melt mixed in a DSM Xplore microcompounder using different mixing sequences. The
RC containing maleic anhydride (MA) groups is miscible with SAN and is assumed to
act as linking agent to the functionalized MWCNTs.

The morphology of the SAN/PC blends was studied depending on the concentration of
the RC. Thereby co-continuous morphologies were found for all blends with 40 wt%
SAN and 60 wt% PC. In all nonmodified blends the MWCNTs were localized within the
PC phase. After the addition of RC the MWCNTSs migrated completely into the miscible
SAN-RC phase. Consequently, the electrical resistivities of the blends changed in
dependence on the localization. Whereas the SAN/PC/MWCNT blends showed low
electrical resistivity values, much higher values were found for SAN-RC/PC/MWCNT
blends. This was assigned to a coupling or strong interaction of MA groups to the
nanotubes disturbing electrical contacts and percolation between them. The occurrence of
the MWCNT migration from PC towards SAN was found to be dependent on the
concentrations of RC and MWCNTs. By adapting that ratio and the mixing strategy, the

localization of the carbon nanotubes in the blend phases can be tuned. The investigations
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indicated that MWCNTSs once coupled with the RC remain in the SAN-RC phase. Thus,

a chemical reaction or strong interactions seem to be the driving forces for localization of
the MWCNTs in the SAN-RC blend phase.
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1. Introduction

Blending polymers is an economic way to produce new custom-made polymeric materials
with outstanding properties. The characteristics of the employed polymers can be
combined, in some cases even synergistic effects are generated. Thereby, in biphasic
immiscible polymer blends the property profile is strongly determined by the blend
morphology [1, 2].

Another convenient possibility to produce materials with improved or new properties is to
add functional fillers into polymeric matrices. The interest in such composites is very high
and a lot of studies were made using different kinds of fillers. The incorporation of
multiwalled carbon nanotubes (MWCNTSs) into polymer materials can favourably
influence different properties, like electrical conductivity, mechanical strength, thermal
expansion and thermal conductivity, scratch and wear behaviour, oxidation stability and
flame retardancy [3-12].

Combining polymer blending with the addition of nanofillers like MWCNTs is a very
suitable way to tailor the properties of the materials, especially when electrical
conductivity of the insulating blend matrix is desired. When using blends with co-

continuous morphologies, a lower filler concentration compared to a composite with a one-



phase-structure is required to achieve electrical percolation, if the electrical conductive
filler percolates and localizes selectively in one of the phases. This concept of double
percolation was first introduced by Sumita et al. [13] using immiscible polymer blends
with carbon black. Later the concept was adapted to other conductive fillers, e. g. also
towards nanotubes [14-22]. The selective localization behaviour of nanotubes in polymer
blends in general is most commonly explained using the concept of the wetting coefficient
[20-28]. The kinetic aspect of the filler localization was also discussed in different systems
[29].

The literature describes only few examples where parts of added nonfunctionalized or
functionalized MWCNTs were localized at the interface of immiscible blends [26, 30].
Similar to the blend system used in this study, Goldel et al. [20] described double
percolation in co-continuous poly(styrene-co-acrylonitrile) (SAN)/ polycarbonate (PC)
blends with Baytubes C150HP. The selective localization of the CNTs in the PC phase
occurred independently of the polymer phase in which the CNTs were first incorporated
and was explained as thermodynamically induced.

There is evidence that reactive groups such as maleic anhydride (MA) can develop strong
interactions or reactions with the nanotubes surface. Therefore, in order to improve
dispersion of nanotubes and adhesion to the polymer matrix, the use of reactive
compatibilizers or modified polymer matrices containing e.g. maleic anhydride (MA)
groups is discussed as a suitable way. E.g., the improved properties of PP/MWCNT
composites using grafted polypropylene (PP-g-MA) were explained by a strong hydrogen
bonding between hydroxyl groups of the MWCNTSs and maleic anhydride groups of PP-g-
MA [31, 32]. Wang et al. show that the grafting of MWCNTSs with styrene-maleic
anhydride copolymers improved the compatibility between MWCNTSs and PVC [33]. Bose

et al. [17, 18] investigated the behavior of MWCNTs in a PA6/ABS blend with a reactive



compatibilizer based on a styrene maleic anhydride copolymer premixed with nanotubes.
The authors reported that the nanotubes were located within the interphase consisting of
the compatibilizer.

In this paper, the influence of the addition of the reactive component (N-phenylmaleimide
styrene maleic anhydride) on the localization of amino-functionalized MWCNTs and the
electrical resistivity was investigated in a co-continuous SAN/PC (40 wt%/60 wt%) blend
system. The nanotube localization in the SAN-RC/PC blend systems was studied at
different ratios of RC and two different MWCNT contents.

Amino-functionalized MWCNTs were used that enable reactions between the maleic
anhydride groups of the reactive component (RC) and the amino groups on the tube
surface. Thus, a fixation of the nanotubes in the SAN phase could be achieved. Miscibility
of the RC with the SAN phase of the blend system was verified by the consistency of the
glass transition temperature T, of different SAN/RC blends with the Couchman Equation
[34, 35].

2. Materials and methods

2.1. Materials

Polycarbonate Makrolon® 2600 (Bayer MaterialScience AG, Leverkusen, Germany) and
poly(styrene-co-acrylonitrile) Luran® 358N (BASF AG, Ludwigshafen, Germany) and
short amino-functionalized multiwalled carbon nanotubes Nanocyl 3152 (Nanocyl® S.A.,
Sambreyville, Belgium) with a purity of 95 % were used. According to the supplier, the
MWCNTs have an average diameter of 9.5 nm and an average length less than 1 pum. As
reactive component (RC), N-phenylmaleimide styrene maleic anhydride Denka IP (DENKI
KAGAKU KOGYO KABUSHIKI KAISHA, Tokyo, Japan) was applied. This reactive
component containing maleic anhydride groups was found to be miscible with the SAN by

differential scanning calorimetry [35].



2.2. Preparation

All materials were dried under vacuum at 80°C for 12 h. The composites and blend
systems of SAN, PC, carbon nanotubes (CNTs), and the reactive component were melt
mixed in a 15 cm3 microcompounder (DSM Xplore, Geleen, The Netherlands) operated at
260°C melt temperature 100 rpm and a mixing time of 5 min.

To produce composites, in a first set different concentrations of MWCNTs (0.5 - 5 wt%)
were incorporated into the polymer blend components (PC, SAN and SAN with RC).

For the blends, PC and SAN were blended in a second set the proportion 60/40 wt% to get
blends with a co-continuous morphology. In the composites and blends with RC, the SAN
fraction was partially replaced by 20 wt% RC. The MWCNTs were incorporated in the
polymer blends in different ways with or without the reactive component. On the one hand,
the MWCNTs were pre-compounded in PC, SAN or SAN-RC and in a second step these
pre-compounds were melt mixed with the second polymer to prepare the blend. On the
other hand, all components were melt compounded in one step. All MWCNTs filled blends
of the second set contained 0.5 wt% MWCNTs.

In addition, in a third set RC was added in a second step to SAN/PC/MWCNT blends by
varying the RC amount (20 wt%, 2 wt%, 0.2 wt% of the SAN replaced by RC). For this,
SAN/PC blends were prepared in the ratios of 20/60, 38/60, and 39.8/60 wt%.

For additional investigations, in set 4 also 5 wt% MWCNT loading was used in blends
containing 2 wt% and 20 wt% RC. These blends were afterwards diluted with SAN and PC
to a concentration of 0.5 wt% MWCNTs.

2.3. Electrical measurements

The electrical volume resistivity was measured on compression moulded samples

(diameter 60 mm, thickness 0.5 mm) which were prepared by pressing extruded strand



pieces using a Weber PW 40 EH hot press (Paul-Otto Weber GmbH, Remshalden,
Germany) at 260°C, 100 kN for 1 min and subsequent cooling. A Keithley electrometer
Model E 6517A equipped with an 8009 Resistivity Test Fixture was used to measure
highly resistive samples. For samples with resistivities < 10" Ohm cm, strips (approx.

20 x 3 x 0.5 mm’) cut from the pressed plates were measured in a four point test fixture
combined with Keithley Multimeter Model 2000.

2.4. Morphological characterization

The morphology of the blend systems was characterized on extruded strands using a Leo
VP 435 scanning electron microscope (Leo Elektronenmikroskopie, Oberkochen,
Germany). For the MWCNTs filled blends an Ultra Plus scanning electron microscope
(Carl Zeiss SMT AG, Oberkochen, Germany) having higher resolution was used. After
cutting, the strands were etched and coated with platinum. The PC phase of the blends was
selectively hydrolysed with a solution of NaOH (30 wt%) at a constant temperature of
105°C and different etching times depending on the blend ratio as described by Dong et al.
[36].

Transmission electron microscopy (TEM) investigations were performed on ultra-thin
sections of 80 nm thickness cut at room temperature from the extruded strands by applying
a TEM LIBRA 200 MC (Carl Zeiss SMT AG, Oberkochen, Germany) at an acceleration
voltage of 200 kV. Energy-filtered TEM (EF-TEM) and electron energy-loss spectroscopy
(EELS) were used to assign the phases of the blends.

3. Results and discussion

3.1. Morphology of blends without nanotubes

As it is desired to achieve electrical conductivity at low nanotube loadings, it was the aim
to use blends having double percolated structures with percolated nanotubes in one of the

co-continuous blend phases. In a previous study [35], by varying the blend composition of



SAN/PC blends co-continuous morphologies were obtained >50 wt% and <75 wt% PC and
are well developed at 60 wt% PC. The SAN/PC blend produced in this study at 60 wt% PC
was characterized concerning the phase morphology as shown on a scanning electron
micrograph (Figure 1 A). Due to the etching procedure the three-dimensional continuous
SAN phase (remaining grey areas) is visible in the SEM image and the missing PC phase
appears black. The blend reveals a well developed co-continuous blend structure.
Furthermore, the influence of increasing amounts of the reactive component (RC) was
studied for SAN-RC/PC (40 /60) blends (Figure 1 B-D). At increased RC contents the
micrographs show a slightly finer co-continuous morphology, while the phase continuity
was unaffected by the reactive component.

3.2. Electrical properties of composites with MWCNTs

The electrical volume resistivity of SAN, PC and SAN-RC (50/50) composites at different
MWCNT concentrations and of SAN/PC (40/60) and SAN-RC/PC (20-20/60) composites
with 0.5 wt% -MWCNTs are illustrated in Figures 2 and 3. The electrical percolation
threshold of the PC composites as well as that of the SAN composites was found at

0.5 wt% (Figure 2) whereas the resistivity values for PC were generally slightly lower than
those of SAN.

Figure 2 shows significantly lower electrical percolation thresholds for the composites with
amino-functionalized MWCNTSs as compared to values found by Goldel et al. [20] for
Baytubes C150HP. There, the percolation threshold in SAN occurred at a filler content of
2 wt% and in PC at a filler content of 1 wt%.

Differing from the electrical percolation behavior of the SAN composites, the electrical
volume resistivity of the SAN-RC/MWCNT composites only slightly decreases with the
MWCNT content (Figure 3): (from 10" Ohm cm for the SAN-RC to 10'° Ohm cm for the

composite containing 5 wt% MWCNTs). It can be assumed that an encapsulation of the



amino-functionalized MWCNTs is caused either by the chemical reaction or by strong
interactions between the amino goups and the maleic anhydride groups of the reactive
component which results in disturbing electrical contacts of the nanotubes and percolation
between them. Bhattacharyya et al. [37-40] found similar effects when discussing the
influence of nanotube encapsulation on the composite resistivity. They incorporated
singlewalled carbon nanotubes (SWCNT) encapsulated by maleic anhydride groups into
PA12 [38, 40] and PAG6 [37, 39] in which a reaction between maleic anhydride groups on
the nanotubes surface and amine groups of the polyamides was proven. This encapsulation
hindered the electron transfer between the separated carbon nanotubes and so across
composites.

3.3. Electrical properties of MWCNTs filled blends

The electrical resistivities of PC, SAN and SAN-RC with MWCNTs is compared to the
electrical resistivity values of SAN/PC and SAN-RC/PC (20-20/60) blends containing

0.5 wt% MWCNTs. Interestingly, the electrical resistivity values of the blends strongly
depend on the absence or presence of the reactive component. The MWCNTs filled
SAN/PC blends without the RC showed resistivity values between 10° Ohm c¢m and

10> Ohm cm, which are comparable to the resistivity of a PC composite containing

0.83 wt% MWCNTs (Figure 2) and the resistivity of a SAN composite containing

1.25 wt% MWCNTs. These concentrations correlate with the hypothetic filler
concentrations assuming that 0.5 wt% MWCNTs are either selectively localized in the PC
or SAN blend phase of the blends (Figure 2). These results indicate a highly selective
localization of the MWCNTs in the PC or SAN phase of the blends.

Similar resistivity values are obtained when the MWCNT filled blends are fabricated in
one step or by precompounding MWCNTs in PC or SAN and subsequent blending with the

respective neat polymer. Thus, the electrical resistivities of all MWCNTs filled SAN/PC



blends without RC are independent of the MWCNT incorporation sequence. The same
effect was reported by Goldel et al. [20] for SAN/PC blends filled with unfunctionalized
Baytubes® C150HP.

When SAN-RC is used as blend phase, the electrical resistivity of the blends with 0.5 wt%
is 10" Ohm cm. Thus, the blends are insulating (Figure 3). This was similarly observed for
all SAN-RC/PC blends filled with amino-functionalized MWCNTs independently from the
mixing sequence. The electrical properties of all SAN-RC/PC blends with 0.5 wt%
MWCNTs are comparable to the SAN-RC/MWCNT-composite containing 1.25 wt%
MWCNTs which represents the hypothetical filler concentration assuming that all
MWCNTs are localized in SAN-RC. Assuming that all filler was in PC would lead to a
theoretical expectation of resistivity values in the range of 10* Ohm cm and 10> Ohm cm.
Therefore, the selective localization of the MWCNTs in the SAN-RC phase can be
concluded from the electrical measurements.

3.4. Localization of the nanotubes

In order to prove the previous conclusion from electrical volume resistivity measurements,
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were
used to detect the localization of the functionalized MWCNTs (0.5 wt%). The SEM image
of the selectively etched MWCNTs filled SAN/PC blend without RC (Figure 4 A)
illustrate some isolated MWCNTs laying on the surface of the SAN phase remaining after
the etching process. Interestingly, in the SAN phase no inclusions of MWCNTs could be
observed. This indicates that the MWCNTs were embedded in PC, but eluted during the
hydrolysis process of the PC and remained inside the holes of the former PC phase. In
contrast, the micrograph of the MWCNTs filled SAN-RC/PC blend (Figure 4 B) shows the
MWCNTs within the SAN phase. They appear as white dots and were cut perpendicular to

their length axis during the preparation of cut surfaces. In contrast to the SAN/PC blend



without RC, no nanotubes were found on the surface of SAN. Again, the localization was
independent of the MWCNT incorporation sequence, even if the nanotubes were first
mixed into PC. Therefore, the results indicate, corresponding to the results of electrical
resistivity measurements, the selective localization of functionalized MWCNTs in the
SAN-RC phase.

TEM images of microtomed MWCNTs filled blends unequivocally prove the MWCNT
localization already observed by SEM. Assuming the PC phase having a smooth
appearance and SAN appearing as ruffled phase in the TEM images, the nanotubes are
localized in the PC phase in the SAN/PC blend (Figure 5 A) and in the SAN-RC phase in
the SAN-RC/PC (20-20/60) blend (Figure 5 B). To prove the CNT localization and this
phase assignment, EF-TEM and EELS detectors were used. Figure 6 A shows the SAN-
RC/PC (20-20/60) blend with selective localization of CNTs in the bright phase. In the
nitrogen map of the EF-TEM this phase is nitrogen-rich and can be clearly attributed to
SAN. This verifies that in the SAN-RC/PC (20-20/60) the CNTs are localized in the SAN-
RC phase. Figure 6 B shows the SAN/PC blend without RC. There the CNTs localize in
the dark phase. The oxygen map clearly indicates that this phase is oxygen-rich and thus
can be assigned to the PC phase.

The results clearly indicate that the MWCNT localization is determined by the addition of
the reactive component but not by the way of MWCNT incorporation. If the blend is
prepared without RC the MWCNTs are always selectively localized within the PC phase.
The addition of RC inverts the localization behavior of MWCNTs and co-continuous
morphologies with MWCNTs selectively localized in the SAN-RC phase are obtained.
Accordingly, co-continuous blends could be fabricated with either selectively filled PC or
SAN phase and the localization can be tuned by adding the reactive component. The CNT

localization in the PC phase of SAN/PC blends was attributed by Goldel et al. [20] to the
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better wetting of the nanotubes by PC as compared to SAN. The observed migration of the
MWCNTs from the prefilled PC phase into the SAN-RC phase can be explained either by
interfacial tension effects or by a chemical reaction/strong interaction between the amino
groups of the functionalized MWCNTs and the maleic anhydride groups of the reactive
component.

3.5. Investigations of the tunability of MWCNT localization

To gain a deeper understanding of the mechanism of the localization change, the effect of
the content of RC on the CNT localization was studied. 20 wt% RC were added in a
second mixing step to a previously prepared SAN/PC blend (20/60) with 0.5 wt%
MWCNTs which before addition were selectively localized within PC (Figure 7 A).
Interestingly, this addition inverted the carbon nanotube localization and all MWCNTs
were subsequently located within the SAN-RC phase, thus illustrating the efficiency of the
RC as a “tuning additive” (Figure 7 B).

Two different mechanisms appear suitable to explain the observed phenomenon. If the
addition of the RC to SAN would significantly change the surface energy and thus the
CNT-wetting of the obtained miscible SAN-RC phase, the transfer of MWCNTSs from one
phase to the other could be attributed to the same interfacial effects that were proposed to
transfer CNTs from a SAN-CNT precompound into PC [20]. If the inverted localization
behavior would occur due to covalent coupling or strong interactions, the maleic anhydride
group of the RC has to be available exactly at the moment an individual CNT approaches
the blend interface and at the position of the amino group of the CNT. Due to the high
number of shear induced collisions of any volume element with the blend interface during
mixing, a certain number of contacts between the CNTs and the blend interface can be

assumed. The probability for successful chemical coupling or interactions would then be
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declining for decreasing concentrations of the maleic anhydride groups within the SAN
phase.

In order to clarify the effect of the RC on the localization change, varying amounts of RC
were added to SAN/PC blends with a selectively MWCNT loaded PC phase.

It is found that the MWCNTSs moved from the PC to the SAN-RC phase after the addition
of 2 wt% RC in the second mixing step (Figure 8 A). However, when introducing only

0.2 wt% RC no localization change was observed (Figure 8 B).

As obviously the ratio between available amino groups on the CNTs and anhydride groups
of RC plays an important role, in set 4 the MWCNT concentration was increased to 5 wt%
in SAN/PC blends containing 2 wt% and 20 wt% RC. As described above for a MWCNT
concentration of 0.5 wt% (Figure 8 A), an amount of 2 wt% RC is enough to invert the
localization behavior of CNTs. If the MWCNT migration would be caused by changes in
the surface energy or polarity of SAN by the addition of the RC phase, the localization
behavior should be independent of the CNT concentration in the blend. Nevertheless, the
TEM image (Figure 9 A) shows that 5 wt% amino-functionalized MWCNTs can be found
in both blend phases for a RC concentration of 2 wt%, which is obviously not sufficient to
localize the MWCNTs selectively in the SAN-RC phase of the blend. When increasing the
RC content to 20% RC, also 5 wt% MWCNTSs can be exclusively localized in the SAN-RC
phase.

Based on those results, a ratio between RC concentration and amount of MWCNT-NH,
(RC: MWCNT) can be estimated which is needed to achieve complete localization within
the SAN-RC phase. The critical ratio, at which completely selective localization of
MWCNTs in the SAN-RC phase occurs, thus can be expected between 0.4:1 <
RC:MWCNTs < 4:1. In conclusion, the assumed chemical reaction or strong interactions

of the RC and the amino-functionalized MWCNTs seem to be the driving force for the
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MWCNT migration rather than changes in interfacial energy relationships between SAN-
RC and PC.

Interestingly, when diluting a blend of SAN-RC/PC (38-2/60) having 5 wt% MWCNTs
localized in both phases (Figure 9 A) using additional PC and SAN to get a blend with

0.5 wt% MWCNTs and 0.2 wt% RC, the nanotubes stay in the SAN-RC and PC phases
(Figure 9 B). In contrast, when preparing that blend composition directly (Figure 8 B),
MWCNT localization in PC was found. This observation can be interpreted as an
indication for the occurrence of the coupling reaction and the importance of availability of
maleic anhydride groups at the blend interface in the moment of mixing induced contact of
nanotube and blend interface. The probabilitity of random encounters between the CNTs
that are initially located within the PC phase and the maleic anhydride groups is
statistically decreasing for decreasing RC concentrations. Thus, irreversible coupling
between amino-functionalized MWCNTs and RC like a covalent bonding or an irreversible
adsorption of RC on the surface of MWCNTs caused by strong interactions can be
concluded as reason for the localization change of the nanotubes.

Another argument for the occurrence of chemical reactions or strong interactions between
MWCNTs and RC is the finding that the electrical resistivity of SAN-RC composite does
not show a typical percolation behavior and remains above 10'° Ohm cm even up to
MWCNT contents of 5 wt% (see Fig. 3). This can be attributed to an encapsulation of the
MWCNTs by the RC thus hindering the electron transfer between the separated MWCNT's
[37-40].

However, a direct proof of the reaction in the composites via FTIR investigations was not
possible as the amount of functional groups on the surface of the MWCNTs is too low for

quantification and the reaction product is a maleimide already contained in the RC.
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4. Summary and conclusions

The investigations showed that the addition of a reactive component containing maleic
anhydride groups changes the localization of amino-functionalized MWCNTs and the
electrical properties of co-continuous SAN/PC blends. In SAN/PC blends without the
reactive component the MWCNTs are localized in the PC phase independently of the
mixing sequence due interfacial tension effects [20]. However, the modification of SAN
using the miscible RC changed its properties in such a way, that MWCNTs (0.5 wt%)
localized in the SAN-RC phase.

In order to clarify the mechanism responsible for the observed localization change of
CNTs different ratios between the reactive component and CNTs were employed. The
investigations revealed that

- a certain critical ratio is required to achieve selective localization in the SAN-RC phase
- the CNT localization behavior is dependent on the mixing sequence at low ratios of the
reactive component and CNTs indicating a chemical coupling or strong interactions
between CNTs and RC as reason for the localization behavior

- MWCNTs once experienced the RC during the mixing procedure stay in SAN-RC phase

Based on that, not only the mechanism of nanotube localization was revealed; it is also
possible to tune the localization behavior of CNTs in different concentrations by adapting
the amount of the reactive component.

In further works, the effects of non functionalized nanotubes on the localization in

presence of RC will be studied, as well as the behavior of SWCNTs.

14



Acknowledgements

The authors thank the company DENKA (DENKI KAGAKU KOGYO KABUSHIKI
KAISHA, Tokyo, Japan) for providing and Dr. Martin Weber (BASF SE) for advising the
reactive component DENKA IP. We further thank Uta Reuter and Manuela Heber for
performing the transmission electron microscopy and Dr. Petr Formanek for the EF-TEM

mapping and the EELS spectroscopy (all IPF Dresden e.V.).

References

[1] Paul D. NS. Polymer Blends. New York: Academic Press, 1978.

2] Utracki LA. Polymer Alloys and Blends. Munchen: Hanser Publishers 1989.
[3] Potschke P, Fornes TD, Paul DR. Rheological behavior of multiwalled
carbon nanotube/polycarbonate composites. Polymer 2002;43(11):3247-3255.

[4] Pétschke P, Bhattacharyya AR, Janke A, Goering H. Melt mixing of
polycarbonate/multi-wall carbon nanotube composites. Composite Interfaces
2003;10(4-5):389-404.

[5] Breuer O, Sundararaj U. Big returns from small fibers: A review of
polymer/carbon nanotube composites. Polymer Composites 2004;25(6):630-645.
[6] Popov VN. Carbon nanotubes: properties and application. Materials
Science & Engineering R-Reports 2004;43(3):61-102.

7] Nagy JB, Coleman JN, Fonseca A, Destrée A, Mekhalif Z, Moreau N, Vast
L, Delhalle J. Carbon Nanotubes and Nanocomposites: electrical, mechanical and
flame retardant aspects Nanopages 2006;1(2):121-163.

[8] Bauhofer W, Kovacs JZ. A review and analysis of electrical percolation in
carbon nanotube polymer composites. Composites Science and Technology
2009;69(10):1486-1498.

[9] Byrne MT, Gun'ko YK. Recent Advances in Research on Carbon Nanotube-
Polymer Composites. Advanced Materials 2010;22(15):1672-1688.

[10] Ma PC, Siddiqui NA, Marom G, Kim JK. Dispersion and functionalization of
carbon nanotubes for polymer-based nanocomposites: A review. Composites Part
a-Applied Science and Manufacturing 2010;41(10):1345-1367.

[11] Spitalsky Z, Tasis D, Papagelis K, Galiotis C. Carbon nanotube-polymer
composites: Chemistry, processing, mechanical and electrical properties. Progress
in Polymer Science 2010;35(3):357-401.

[12] Swain SK, Jena |. Polymer/Carbon Nanotube Nanocomposites: A Novel
Material. Asian Journal of Chemistry 2010;22(1):1-15.

[13] Sumita M, Sakata K, Asai S, Miyasaka K, Nakagawa H. Dispersion of fillers
and electrical-conductivity of polymer blends filled with carbon-black. Polymer
Bulletin 1991;25(2):265-271.

15



[14] Potschke P, Bhattacharyya AR, Janke A. Morphology and electrical
resistivity of melt mixed blends of polyethylene and carbon nanotube filled
polycarbonate. Polymer 2003;44(26):8061-8069.

[15] Meincke O, Kaempfer D, Weickmann H, Friedrich C, Vathauer M, Warth H.
Mechanical properties and electrical conductivity of carbon-nanotube filled
polyamide-6 and its blends with acrylonitrile/butadiene/styrene. Polymer
2004;45(3):739-748.

[16] Pdtschke P, Kretzschmar B, Janke A. Use of carbon nanotube filled
polycarbonate in blends with montmorillonite filled polypropylene. Composites
Science and Technology 2007;67(5):855-860.

[17] Bose S, Bhattacharyya AR, Kodgire PV, Misra A, Potschke P. Rheology,
morphology, and crystallization Behavior of melt-mixed blends of polyamide6 and
acrylonitrile-butadiene-styrene: Influence of reactive compatibilizer premixed with
multiwall carbon nanotubes. Journal of Applied Polymer Science
2007;106(5):3394-3408.

[18] Bose S, Bhattacharyya AR, Kulkarni AR, Potschke P. Electrical, rheological
and morphological studies in co-continuous blends of polyamide 6 and
acrylonitrile-butadiene-styrene with multiwall carbon nanotubes prepared by melt
blending. Composites Science and Technology 2009;69(3-4):365-372.

[19] Wu DF, Zhang YS, Zhang M, Yu W. Selective Localization of Multiwalled
Carbon Nanotubes in Poly(epsilon-caprolactone)/Polylactide Blend.
Biomacromolecules 2009;10(2):417-424.

[20] Goldel A, Kasaliwal G, Potschke P. Selective Localization and Migration of
Multiwalled Carbon Nanotubes in Blends of Polycarbonate and Poly(styrene-
acrylonitrile). Macromolecular Rapid Communications 2009;30(6):423-429.

[21] Wu DF, Lin DP, Zhang J, Zhou WD, Zhang M, Zhang YS, Wang DM, Lin
BL. Selective Localization of Nanofillers: Effect on Morphology and Crystallization
of PLA/PCL Blends. Macromolecular Chemistry and Physics 2011;212(6):613-626.
[22] SunY, Guo ZX, Yu J. Effect of ABS Rubber Content on the Localization of
MWCNTs in PC/ABS Blends and Electrical Resistivity of the Composites.
Macromolecular Materials and Engineering 2010;295(3):263-268.

[23] Wu M, Shaw LL. On the improved properties of injection-molded, carbon
nanotube-filled PET/PVDF blends. Journal of Power Sources 2004;136(1):37-44.
[24] Potschke P, Pegel S, Claes M, Bonduel D. A novel strategy to incorporate
carbon nanotubes into thermoplastic matrices. Macromolecular Rapid
Communications 2008;29(3):244-251.

[25] Zhang LY, Wan CY, Zhang Y. Investigation on the Multiwalled Carbon
Nanotubes Reinforced Polyamide 6/Polypropylene Composites. Polymer
Engineering and Science 2009;49(10):1909-1917.

[26] Baudouin AC, Devaux J, Bailly C. Localization of carbon nanotubes at the
interface in blends of polyamide and ethylene-acrylate copolymer. Polymer
2010;51(6):1341-1354.

[27] Cayla A, Campagne C, Rochery M, Devaux E. Electrical, rheological
properties and morphologies of biphasic blends filled with carbon nanotubes in
one of the two phases. Synthetic Metals 2011;161(11-12):1034-1042.

[28] ShiY,LiY,Wud, Huang T, Chen C, Peng Y, Wang Y. Toughening of
poly(L-lactide)/multiwalled carbon nanotubes nanocomposite with ethylene-co-
vinyl acetate. Journal of Polymer Science Part B: Polymer Physics
2011;49(4):267-276.

16



[29] Fenouillot F, Cassagnau P, Majeste JC. Uneven distribution of
nanoparticles in immiscible fluids: Morphology development in polymer blends.
Polymer 2009;50(6):1333-1350.

[30] Baudouin AC, Bailly C, Devaux J. Interface localization of carbon nanotubes
in blends of two copolymers. Polymer Degradation and Stability 2009;95(3):389-
398.

[31] Prashantha K, Soulestin J, Lacrampe MF, Claes M, Dupin G, Krawczak P.
Multi-walled carbon nanotube filled polypropylene nanocomposites based on
masterbatch route: Improvement of dispersion and mechanical properties through
PP-g-MA addition. Express Polymer Letters 2008;2(10):735-745.

[32] Lee G-W, Jagannathan S, Chae HG, Minus ML, Kumar S. Carbon nanotube
dispersion and exfoliation in polypropylene and structure and properties of the
resulting composites. Polymer 2008;49(7):1831-1840.

[33] Wang GJ, Qu ZH, Liu L, Shi Q, Guo HL. Study of SMA graft modified
MWNT/PVC composite materials. Materials Science and Engineering a-Structural
Materials Properties Microstructure and Processing 2008;472(1-2):136-139.

[34] Couchman PR. Compositional Variation of Glass-Transition Temperatures.
2. Application of the Thermodynamic Theory to Compatible Polymer Blends.
Macromolecules 1978;11(6):1156-1161.

[35] Herbst M. Funktionalisierte Multiwalled Carbon Nanotubes in reaktiven
Polycarbonat / Poly(styrol-co-acrylnitril) Blends diploma thesis, Technische
Universitat Dresden, Fakultat Mathematik und Naturwissenschaften, 2009.

[36] Dong LS, Greco R, Orsello G. Polycarbonat/acrylonitril-butadiene-styrene
blends: 1. Complementary etching techniques for morphology observations.
Polymer 1993;34(7):1375-1382.

[37] Bhattacharyya AR, Potschke P, Haussler L, Fischer D. Reactive
compatibilization of melt mixed PA6/SWNT composites: Mechanical properties
and morphology. Macromolecular Chemistry and Physics 2005;206(20):2084 -
2095.

[38] Bhattacharyya AR, Potschke P, Abdel-Goad M, Fischer D. Effect of
encapsulated SWNT on the mechanical properties of melt mixed PA12/SWNT
composites. Chemical Physics Letters 2004;392(1-3):28-33.

[39] Bhattacharyya AR, Pétschke P. Mechanical properties and morphology of
melt-mixed PAG6/SWNT composites: Effect of reactive coupling. Macromolecular
Symposia 2006;233:161-169.

[40] Bhattacharyya AR, Bose S, Kulkarni AR, Pdtschke P, Haussler L, Fischer
D, Jehnichen D. Styrene maleic anhydride copolymer mediated dispersion of
single wall carbon nanotubes in polyamide 12: Crystallization Behavior and
morphology. Journal of Applied Polymer Science 2007;106(1):345-353.

Figures:

17



£

€ e
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Figure 1: SEM images of the morphology of SAN/PC (40/60) blends with different amounts of the

reactive component (PC etched using NaOH, remaining SAN phase is seen).
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Figure 2: Electrical volume resistivity of the SAN and PC composites at different MWCNT
concentrations and of SAN/PC blends filled with 0.5 wt% MWCNTs obtained by different mixing

sequences.
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Figure 3: Electrical volume resistivity of the SAN-RC (50-50) and PC composites at different
MWCNT concentrations and of SAN-RC/PC (20-20/60) blends filled with 0.5 wt% MWCNTSs

obtained by different mixing sequences.

Figure 4: SEM images of nanocomposite blends where the PC phase was selectively hydrolysed
(SAN phase and MWCNTs are visible): (A) SAN/PC (40/60) nanocomposite blend without
reactive component with MWCNTs (0.5 wt%) located on the surface of the remaining SAN phase
and (B) SAN-RC/PC (20-20/60) showing well-embedded MWCNTs (0.5 wt%) in the SAN-RC

phase (see circles).
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1000 nm

Figure 5: TEM images of nanocomposite blends as one step compound (PC phase appearing
dark/smooth, SAN phase bright and ruffled area): (A) SAN/PC (40/60) nanocomposite blend
illustrating MWCNTs (0.5 wt%) localized within the PC phase and (B) SAN-RC/PC (20-20/60)

showing MWCNTs (0.5 wt%) in the SAN phase.
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Figure 6: Assignment of the blend phases by EF-TEM (PC phase appears dark and smooth, SAN
phase as bright and ruffled area): (A) SAN/PC (40/60) nanocomposite blend illustrating MWCNTSs
(0.5 wt%) localized within the PC phase and (B) SAN-RC/PC (20-20/60) showing MWCNTs

(0.5 wt%) in the SAN phase. In the nitrogen maps the bright phase is nitrogen rich (SAN) and the
dark phase is nitrogen poor (PC), in the oxygen maps the bright phase is oxygen rich (PC) and the

dark phase is oxygen poor (SAN).
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Figure 7: TEM images of set 3: (A) SAN/PC/MWCNT (20/60) nanocomposite blend illustrating
MWCNTs (0.5 wt%) localized in the PC phase and (B) after adding 20 wt% of RC in a second

mixing step showing MWCNTs in the SAN phase.
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Figure 8: TEM images of set 3 (PC phase appears smooth, SAN-RC phase as ruffled): (A) SAN-
RC/PC (38-2/60) blend showing MWCNTs (0.5 wt%) in the SAN-RC phase and (B) SAN-RC/PC

(39.8-0.2/60) blend illustrating MWCNTs (0.5 wt%) in the PC phase.
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Figure 9: TEM images of set 4: (A) SAN-RC/PC (38-2/60) showing MWCNTs (5 wt%) in both
phases and (B) from (A) diluted SAN-RC/PC (39.8-0.2/60) blend with 0.5 wt% MWCNTs

illustrating MWCNTs still localized in both phases.
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