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ABSTRACT: Electromagnetic interference (EMI), an unwanted phenomenon, LUl p—— T ——
often affects the reliability of precise electronic circuitry. To prevent this, an 2

effective shielding is prerequisite to protect the electronic devices. In this study,

an attempt was made to understand how processing of polymeric blend -10-

——> Inter-phase scattering

5

MWCNTs

nanocomposites involving multiwalled carbon nanotubes (MWCNTs) affects @
the evolving interconnected network structure of MWCNTSs and eventually % 181
their EMI shielding properties. Thereby, the overall blend morphology and W ] ecpmmamwon
especially the connectivity of the polycarbonate (PC) component, in which the 3017013 (Solution mixed)
MWCNTs tend to migrate, as well as the perfectness of their migration, and the -25- o
state of nanotube dispersion are considered. For this purpose, blends of varying eheeton
g -30 T T
composition of PC and poly(methyl methacrylate) were chosen as a model 8 10 12 14 16 18

system as they show a phase diagram with lower critical solution temperature
type of characteristic. Such blends were processed in two different ways: solution
mixing (from the homogeneous state) and melt mixing (in the biphasic state). In both the processes, MWCNTs (3 wt %) were
mixed into the blends, and the evolved structures (after phase separation induced by annealing in solution-mixed blends) and the
quenched structures (as the blends exit the extruder) were systematically studied using transmission electron microscopy (TEM).
Both the set of blends were subjected to the same thermal history, however, under different conditions such as under quiescent
conditions (in the case of solution mixing) and under shear (in the case of melt mixing). The electrical volume conductivity and
the evolved morphologies of these blend nanocomposites were evaluated and correlated with the measured EMI shielding
behavior. The results indicated that irrespective of the type of processing, the MWCNT' s localized in the PC component; driven
by thermodynamic factors and depending on the blend composition, sea-island, cocontinuous, and phase-inverted structures
evolved. Interestingly, the better interconnected network structures of MWCNTs observed using TEM in the solution-mixed
samples together with larger nanotube lengths resulted in higher EMI shielding properties (—27 dB at 18 GHz) even if slightly
higher electrical volume conductivities were observed in melt-mixed samples. Moreover, the shielding was absorption-driven,
facilitated by the dense network of MWCNTs in the PC component of the blends, at any given concentration of nanotubes.
Taken together, this study highlights the effects of different blend nanocomposite preparation methods (solution and melt) and
the developed morphology and nanotube network structure in MWCNT filled blend nanocomposites on the EMI shielding
behavior.

Frequency (GHz)

1. INTRODUCTION and some polymer composites filled with conductive fillers
Electromagnetic radiation impacts almost all electronic and were explored as suitable materials for shielding because of their
electrical devices, which can lead to their improper operating good electrical properties, although the mechanism of shielding
conditions or in some cases even to their damage. Electro- in metals and conducting particle filled polymers can be very

magnetic interference (EMI) problems can occur in any range
of electromagnetic waves, but most of them are caused by radio
and microwave frequencies between 100 kHz and few

different. EMI shielding is based on three mechanisms, that is,

the electromagnetic wave can be either reflected from the outer

gigahertz. Therefore, an effective EMI shielding, which could surface of the shield or absorbed within the shielding material
minimize or even prevent the impact of electromagnetic
radiation, is desirable in every electronic and electrical device.' Received: March 26, 2018
For an effective shielding, materials with high electrical Accepted: May 16, 2018
conductivity or high magnetic permeability are needed. Metals Published: May 29, 2018
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or can be reflected from the internal surfaces of the shield
inducing multiple reflections.’

In designing of an enclosure/housing for shielding
applications, one of the most important concerns is the weight
as the current electronic era has drifted toward miniaturization.
Therefore, lightweight and noncorrosive polymeric materials
with conducting fillers offer huge advantage over other
conductive materials such as metals which are heavier.”
Owing to their exceptional properties, polymer nanocomposites
containing carbon nanotubes (CNTs) have been developed for
various applications.”~” Recent review articles highlight the key
role of polymeric nanocomposites especially containin
carbonaceous fillers for EMI shielding applications.”®
Among the various allotropes of carbon, CNTs are considered
as one of the best conductive nanofillers because of their high
inherent electrical conductivity, high mechanical properties, and
high aspect ratio, thereby providing sufficient electrical
conductivity to composites at relatively lower concentration®
as compared to conventional fillers such as carbon black.
Significant improvement in electric properties and EMI
shielding is observed with CNT concentration reaching or
exceeding the electrical percolation threshold.” In ref 9, it was
proposed that microwave absorption can be optimized by
adding a certain amount of CNTs slightly above the percolation
threshold and that the broadband absorption can be improved
by designing multilayered structures. It has been well-
established that the microwave absorption in polymer-based
nanocomposites can be enhanced through uniquel?r structured
nanocomposites such as layer-by-layer assembly, °~'* multi-
layered structure,"’ and foamed structures."*™"” The thermal
annealing of polymer nanocomposites also depicted significant
effect on EM absorption.'® Moreover, interconnected networks
of conducting nanoparticles in a given polymer matrix facilitate
the elimination of incoming microwave radiation."” Therefore,
large efforts have been involved in enhancing the dispersion
quality of nanoparticles in polymer matrices through covalent
and noncovalent attachment of functional moieties on the
surface of conducting nanoparticles,””~** anchoring hybrid
fillers such as metals and ceramic particles to the surface of
conducting nanoparticles,”> "> and incorporating secondary
fillers.” In this context, processing methodology employed for
the preparation of nanocomposites also plays a vital role in
dispersion and network formation of nanoparticles in a given
matrix and thereby on the final EMI shielding performance of
the nanocomposites.

In this context, preparing conducting polymer nano-
composites involving CNTs requires that the nanotubes are
well-individualized but at the same time form an interconnected
network-like structure in the matrix. However, most often, even
if a well-dispersed state is generated, depending on various
effects during fabrication processing, such as crystallization,
curing, viscosity changes, and so forth, the final state of
dispersion of CNTs can be negatively affected, resulting in
lower electrical conductivity than theoretically expected.
Alternatively, a strategy to facilitate an interconnected net-
work-like structure of CNTs in a matrix at low loadings is to
localize them in a given component of a cocontinuous
blend.”’~*° To this end, several reports have been published
as to how CNTs migrate to their preferred component in
binary blends either during processing or postprocessing
operations such as annealing, injection molding, and so
forth.”®*"** Interesting observations were reported especially
with partially miscible systems such as poly(a-methyl styrene-
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co-acrylonitrile) /poly(methyl methacrylate) (PMMA), poly-
styrene/poly(vinyl methyl ether), and PMMA/styrene-acryl-
onitrile (SAN) to name a few. It is worth noting that CNTs are
randomly distributed in these homogeneous blends and migrate
to the preferred component during demixing. This, besides
altering the overall charge transport in the blends, also
influences the evolving morphology during demixing. Recently,
immiscible blends with cocontinuous phase morphology
illustrated a positive impact on EMI shielding performance.””’
Though immiscible blends have been widely studied, the effect
of phase separation [as in polycarbonate (PC)/PMMA] is not
yet fully understood, especially concerning EMI shielding.
Therefore, among the different pairs of partially miscible
blends, we focused on a particular pair: PC and PMMA, which
shows a cocontinuous type of morphology in a fixed
compositional window.”™” In the case of PC/PMMA blends,
the effect of the processing technique on the miscibility of
phases is well-established where melt mixing leads to phase-
separated blends and solution mixing provides homogeneous
mixtures.”® However, in the case of solution-mixed blends,
miscibility is due to kinetically trapped polymer components in
the homogeneous state below the glass-transition temperature
(T,). In this case, phase separation is often realized by heating
the blend above the T, which is mainly due to very slow
separation from the nonequilibrium miscible state.”” Certain
literature reported that higher amount of PMMA (ca. 90 wt %)
or PC (ca. 70 wt %) results in phase-inverted structures.
Besides composition, the viscosity ratio also plays a major role
in yielding this transient morphology. It has been reported’’
that for PC/PMMA blends with 50—70 wt % of PMMA with
lower viscosity PC or 60—70 wt % of PMMA with higher
viscosity PC, a cocontinuous morphology could be observed.

Although PC/PMMA blends exhibit partial miscibility under
certain conditions, they phase-separate into different micro-
structures upon annealing. Under the light of the existing
literature, it is evident that by adding nanoparticles, the various
transient morphologies can be stabilized—an action very
similar to the classical block copolymer route but with a
different mechanism. Depending on the polarity and the surface
wetting, CNTs often localize in a component with higher
polarity, thereby minimizing the interfacial tension between the
component and CNTs. Among the different blend systems
studied involving PC, it is observed that CNTs mostly localize
in the PC component possibly driven by their higher polarity
and/or lower melt viscosity.”>***" In ref 36, it was proposed,
based on interfacial energy calculations using geometric and
harmonic mean equations, that the CNTs migrated and
localized in the PC component within a PC/PMMA blend.
In blends of PC/SAN,>*** the CNTs mostly localized in the
PC component, and by precompounding SAN with a reactive
maleic anhydride group, the localization of CNTs in the SAN
component was induced against the thermodynamic factors,
which is responsible for the localization of CNTs in the PC
component in the blends.*’

Under this framework, it is evident that migration and
localization of CNTs in a bicomponent system besides
controlling the blend morphology also influence the overall
interconnected network structure of nanotubes in the blends.
As migration through viscous polymer melts is relatively slower,
the formation of interconnected network-like structures of
CNTs is impeded and often difficult to reach equilibrium
within the processing timeframe. This study mainly compares
between different processing (melt vs solution mixing)
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methods toward the overall conducting network of MWCNT's
in a partially miscible system (PC/PMMA). Besides, this work
also focuses on developing lightweight EMI shielding
enclosures utilizing the interconnected network-like structure
of MWCNTs in various PC/PMMA blends processed in the
two different ways. Following the selective localization of
MWCNTSs during processing or postprocessing operations in a
given component, a conductive pathway is developed in the
blends. These conducting blends were then evaluated for EMI
shielding applications. A detailed transmission electron micro-
scopic (TEM) analysis was carried out to understand the
migration and localization of MWCNTs in the blends. The DC
electrical conductivity was measured to obtain the volume
resistivity/conductivity of various blend systems. Finally, the
different blend nanocomposites were evaluated for EMI
shielding properties, and the mechanism of shielding was
systematically studied. Taken together, this study makes an
attempt to understand as to how processing different
conducting blend nanocomposites alters the overall state of
dispersion of MWCNTSs and how the final quality of dispersion
affects the EMI shielding properties. This study will help guide
researchers working in this area from both fundamental and
end-application point of view.

2. RESULTS AND DISCUSSION

2.1. Evolution of Morphology during Processing and
Postprocessing of PC/PMMA Blends with MWCNTSs. The
morphology of the solution- and melt-mixed blend nano-
composites was evaluated systematically using TEM to gain an
insight on two different aspects. First, the distribution of
components in the blends and second, the localization and the
quality of dispersion of MWCNTs in the blend nano-
composites that were prepared by the two different mixing
processes (melt vs solution). As mentioned earlier, the content
of MWCNTSs was varied from 1 to 3 wt % in various PC/
PMMA blends (30/70, 50/50, 60/40, and 70/30 by weight);
however, for TEM analysis, only blends with 3 wt % MWCNTs
were chosen to gain an insight in the process-induced changes
on the overall state of dispersion of MWCNTs. First,
micrographs with lower magnifications were captured to
illustrate the distribution of the components (PC and
PMMA) in the blend nanocomposites. The images with higher
magnification were further recorded to reveal the localization
and the state of dispersion of MWCNTs in the blends. An
important difference between the morphology of the melt-
mixed and solution-processed blends is worth noting at this
point. For effective comparison of solution-processed and melt-
mixed samples, representative samples were melt-extruded
under different processing conditions, and the resulting volume
conductivity was evaluated (not shown here). On the basis of
these results, the optimized processing parameters obtained
were 260 °C for 20 min at 60 rpm screw speed. The TEM
micrographs of melt-mixed samples represent the evolved
structures after the extrusion process (260 °C for 20 min,
where the blends are already phase-separated). As the melt
leaves the die, the morphology is quenched and thin sections
were ultramicrotomed from the extruded solid strands without
any further treatment. In contrast, the TEM micrographs of
solution-processed samples (from the homogeneous state)
were obtained after hot-pressing them in a lab-scale
compression molding machine at 260 °C for 20 min to induce
phase separation. Although both the set of blends were
subjected to 20 min at 260 °C, the nature of processing the
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blend nanocomposites widely varies. In the first case (melt
mixing), the blends are sheared at high temperature where de-
entanglement of MWCNTs is expected. In the second case
(solution processing), though the quality of dispersion of
MWCNTs is expected to be better because of lower solution
viscosities compared to higher melt viscosities, during annealing
(hot-pressing), the MWCNT's migrate to their preferred phase,
while the blends phase-separate into PC-rich and PMMA-rich
phases. This leaves less time for the MWCNT: to develop fully
interconnected network-like structures in contrast to melt-
mixed samples. The as-prepared solution-mixed samples
(before compression molding) showed single glass-transition
temperatures (see Figure S1), further confirming the
homogeneous state of the samples. It is only during
compression molding that the blends phase-separate as the
temperature is much above the glass-transition temperature of
both the components (see Figure S1). It is well-understood that
the blend components are kinetically arrested when heated
above the glass-transition temperature. Hence, the effective
aspect ratio of MWCNTs is expected to be higher in solution-
mixed blends when compared with melt-processed samples
(where high shear stresses may break nanotubes and reduce the
effective aspect ratio). As PC/PMMA blends exhibit lower
critical solution temperature (LCST) type of behavior (above
the glass-transition temperatures of the components), we
expect two phenomena to occur during compression molding:
first, the development of the blend microstructure and second,
the migration/selective localization of the nanotubes to the
preferred component (here PC). The objective of the following
section is to take a closer look at the various morphologies
during processing or postprocessing operation in the case of
blend nanocomposites. This section is important from a
fundamental point of view as the overall state of dispersion and
localization of MWCNTs will greatly influence the conductivity
and the EMI shielding properties.

2.2. TEM of Melt-Mixed Samples. Figure 1 presents the
TEM images of melt-mixed PC/PMMA 30/70 w/w % blends

Figure 1. TEM micrographs of PC/PMMA 30/70 blends containing 3
wt % MWCNTs prepared by melt mixing: (a) low magnification and
(a;) high magnification.

containing 3 wt % MWCNTs. The darker regions in the
captured micrographs represent the PC component because of
preferential interaction with the electron beam, and the lighter
regions can be assigned to the PMMA component, which tends
to be less affected by the electron beam. It is evident that the
PC component is dispersed in the PMMA matrix; however, the
morphology is strikingly different than the typical matrix-
droplet morphology (where often spherical droplets are
dispersed in a matrix). Another interesting feature worth
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mentioning is that the MWCNTSs are localized in the PC
component of the blend and also observed to bridge the
components. This observation has been reported before in the
literature where high aspect ratio fillers (such as CNTs)
especially bridge the domains in cases where their characteristic
lengths are larger than the domain sizes." ™" In addition, the
preferred presence of MWCNTs in a given component in
biphasic systems often slows down the relaxation of that
particular phase and thereby prevents it from further
coarsening. This phenomenon typically results in irregular
structures in filled blends. A recent perspective article
elaborates this phenomenon in greater detail** As the
MWCNTs are localized in the minor component (here PC),
the effective concentration of the nanotubes in that particular
component increases significantly, resulting in a dense network-
like structure of nanotubes as clearly observed in Figure 1. This
also agrees with experimental results reported earlier in
refs,”***** where CNTs tend to localize in the PC component
within a blend structure consisting of PC/PMMA™® or PC/
GAN 3640

Figure 2 presents the TEM micrographs of melt-mixed PC/
PMMA 50/50 blends with 3 wt % MWCNTs. The morphology

a
36,

Figure 2. TEM micrographs of PC/PMMA 50/50 blends containing 3
wt % MWCNTSs prepared by melt mixing: (a) low magnification and
(a;) high magnification.

observed in the thin two-dimensional cuts suggests that both
the components are continuous (with few isolated domains of
the PC component) and that MWCNTs are localized in the PC
component. The MWCNTs in the PC component are well-
dispersed and form an interconnected network-like structure.
Unlike the 30/70 blends, the 50/50 blends showed relatively
better dispersion of nanotubes as the volume available for the
dispersion of the nanotubes is ca. 1.7 times larger. Similar to
50/50 PC/PMMA blends, the 60/40 PC/PMMA blends with
MWCNTs also show cocontinuous type of morphology (see
Figure 3a). In this case, the interconnected PC domains are
more evident as compared to the 50/50 composition. The
MWCNTSs are nicely localized in the PC component with
relatively good dispersion. The shearing action during extrusion
facilitates the dispersion process of primary MWCNT
agglomerates which were infiltrated by the polymer melt.
There is a trade-oft between higher shear stresses, resulting in
better dispersion and nanotube length shortening during the
melt-extrusion process.** ™" The higher the shear, the more is
the shortening of the nanotubes, 4951 which often is not
desired for designing conducting blend nanocomposites. To
understand this trade-off, as mentioned earlier, based on the
conductivity results of the samples processed at different
processing conditions, the optimized processing parameters
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Figure 3. TEM micrographs of PC/PMMA (a) 60/40 and (b) 70/30
blends containing 3 wt % MWCNTs prepared by melt mixing. (a,)
and (b;) are high-resolution images of the respective blend
nanocomposites.

obtained were 260 °C for 20 min at 60 rpm screw speed (not
shown here). The observed cocontinuous morphology is also in
agreement with other reports presenting cocontinuous
structures with 50 wt %°**> and with 47 wt % of PMMA™
in PC.

Figure 3b presents the TEM micrographs of PC/PMMA 70/
30 blends. A distinct phase inversion was observed in this case
where PMMA domains are distributed in PC. Unlike 30/70
blends, in this case much smaller PMMA domains with sizes of
200—500 nm are well-dispersed in the PC matrix. This
observation is related to slowing down of the relaxation of
the filled component thereby suppressing the coarsening
phenomenon, as it was discussed earlier. In the case of 70/30
PC/PMMA blends, because the droplets of the PMMA
component are free of nanotubes, they can easily form a
regular droplet shape with fewer coalesced droplets. As the
surrounding matrix is expected to be of higher viscosity because
of the presence of nanotubes, the droplet deformation is
expected to be higher during processing. Hence, much smaller
droplets appear in the case of 70/30 blends when compared
with the 30/70 blends. Taken together, from the TEM analysis,
it is evident that irrespective of the composition, the MWCNTs
localize in the PC component driven by thermodynamic
factors. Further, the quality of dispersion of the nanotubes
depends largely on the amount in which it is localized, as this
determines the effective filler concentration. If the component
which is preferred for the nanotube localization (here PC) is
the minor component in the blends, the effective filler
concentration becomes significantly higher and results in
denser interconnected networks of CNTs as compared to
blends with PC as the major component. However, the state of
dispersion appears to be better upon localization in the major
PC component. Because the connected network of nanofillers
in the polymer matrix is crucial for electrical conductivity and
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EMI shielding effectiveness of the blend nanocomposites, the
connectivity of the filled component also plays a vital role. It is
expected that blends with the continuous PC component,
achieved in blends with PC as the matrix, and cocontinuous
blends, only reached in a certain blend composition range, are
preferred for better properties. At different blend morphology
types, the desired multiple scattering between neighbored
nanotubes and multiple scattering between conducting domains
has a different impact on attenuating the incoming EMI
radiation.

2.3. Optical Microscopy (OM) and TEM of Solution-
Mixed Samples. PC/PMMA solution-mixed samples were
prepared in addition to melt-mixed samples to clearly
understand how different blend preparation processes influence
the overall state of dispersion and distribution of the nanotubes
in blend nanocomposites. The PC/PMMA blends with
MWCNTSs were obtained from the homogeneous mixing
state and later subjected to the compression molding process at
260 °C for 20 min to induce the phase separation. Although
both sets of blends were subjected to similar thermal
conditions, the evolving structures are expected to be very
different for shear (as in the extrusion mixing) and squeeze flow
deformation (as in compression molding shaping) processes.
As the two techniques of melt mixing and solution mixing
followed by compression molding are often used to fabricate
nanocomposites and blends, it is worth investigating how the
evolved structures and the continuity of the filled component
together with the quality of nanotube dispersion affect the
electrical conductivity and EMI shielding properties.>”

Before looking at high-magnification TEM micrographs,
optical micrographs of these solution-mixed blends after
compression molding were observed to get a general
impression about the blend morphology and nanotube
agglomerate sizes. As discussed earlier, the solution-mixed
samples exhibited a single glass-transition temperature
confirming their thermodynamically miscible state (see Figure
S1). As the glass-transition temperatures of both the
components are far apart, overlapping glass transitions
manifesting in a single thermal transition in differential
scanning calorimetry (DSC) are ruled out. Because the hot-
pressing temperature is well above the LCST temperature of
the blend system, during the hot-pressing step at 260 °C for 20
min more or less complete phase separation is expected. The
optical micrographs of the as-pressed different blend nano-
composites with 3 wt % MWCNTSs are shown in Figure 4. In
the images, the phase separation resulting in cocontinuous
structures with a bright (CNT-free) component and another
one with gray color of different intensities (CNT containing)
can be seen together with remaining black CNT agglomerates
of different sizes and shapes. This confirms the expectation that
at 260 °C, the blends phase-separate into PC-rich and PMMA-
rich phases and the nanotubes migrate to the preferred
component (here PC). The blends might undergo coarsening
but to a limited extent because of the presence of morphology
stabilizing MWCNTSs. However, as the focus of this work is to
understand the process-induced dispersion of MWCNTSs and
its effect on EMI shielding, the coarsening phenomenon was
not studied here and is subjected to future investigations.

Looking in more detail, the TEM micrographs of PC/PMMA
blends containing 3 wt % MWCNTs prepared by solution
mixing shown in Figure S clearly illustrate that the darker
regions correspond to the PC component and the lighter
regions to PMMA. In 30/70 PC/PMMA blends (see Figure
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Figure 4. Optical micrographs of solution-mixed PC/PMMA (a) 30/
70, (b) 50/50, (c) 60/40, and (d) 70/30 blends containing 3 wt %
MWCNTs after compression molding.

HV | Mag | HFW [Energy Loss|Camera Length
Oev -

HY
120 kV|10000x|32 ym| OV

Figure S. TEM images of solution-mixed and compression-molded
polymer PC/PMMA composites containing 3 wt % MWCNTs with
weight ratios of (a) 30/70, (b) 50/50, (c) 60/40, and (d) 70/30.

Sa), interestingly, the filled PC component appears to form
large interconnected structures in the PMMA matrix, whereas
in the 50/50 PC/PMMA blends (see Figure Sb), it seems that
both components form larger domains and a more pronounced
segregation of the nanotubes in the PC component. The
cocontinuous structure is more clearly seen for the 60/40 and
70/30 PC/PMMA blends (Figure Sc,d), whereby the smallest
domain sizes and most interconnectivity are seen in the 70/30
blend. As in the case of melt-mixed samples, the localization of
MWCNTs in the PC component was consistent in the
solution-mixed samples as well; however, the perfectness of
migration slightly depends on the general blend composition. If
PC forms the minor component (like in the 30/70 blend), it
seems to be more difficult for the nanotubes to migrate to PC,
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Figure 6. DC volume conductivity of (a) melt-processed PC/PMMA blends as a function of MWCNT content and (b) various solution-processed

PC/PMMA blends containing 3 wt % MWCNTs.

whereas in the 70/30 blend, a more perfect localization in PC is
observed. This suggests that the general localization of
nanotubes within the PC component is the same irrespective
of the way the blends are made.

By comparing the TEM micrographs of both sets of blends, it
is very evident that the general state of nanotube dispersion and
the perfectness of selective localization in the PC component
are better in the melt-mixed samples, which also show finer
blend morphologies. Thus, it appears that the nanotubes and
their more pronounced agglomeration state delay the demixing
in the solution-based PC/PMMA blends during compression
molding, resulting in more irregular microstructures.

Although the nanotubes undergo intense shearing during the
nanocomposite preparation in solution mixing, the efficiency of
disentanglement of agglomerates seems to be lower than in
melt mixing, resulting in denser interconnected network
structures. These structures are rather restricted in migrating
to the thermodynamically preferred PC. It is expected that the
dispersion of the nanotubes is better in solution-mixed blends
because of the ease in penetration of the dissolved polymer
chains into the nanotube agglomerates, which reduces their
agglomerate strength and helps finally in the agglomerate
breakup. However, this could not be confirmed by the TEM
images of both blend series. However, it appears that the
nanotubes in the TEM images are much shorter in melt-mixed
blends as compared to the solution-mixed. This is possibly due
to the higher shear stresses applied inside the micro-
compounder. Such effects of shortening CNTs in cocontinuous
melt-mixed blends were recently reported by Liebscher et al.,>’
wherein shortening of length of CNTs by 25% of the initial
length after melt mixing in a similar kind of microcompounder
was reported for PC/SAN 60/40 blends with 1 wt % NC7000.
As shorter nanotubes are easier to disperse, the observation of
better dispersion in melt-mixed blends may be related to this
nanotube breakage. Thus, it may be expected that solution-
mixed blends have longer nanotubes facilitating the network
formation at lower loadings and resulting in higher absolute
electrical conductivity. From the EMI shielding perspective,
which is the major focus of this work, larger extended nanotube
networks, such as that observed in solution processing, may
offer higher intertube scattering than well-dispersed structures
localized in one of the components of the blends. To
understand the phenomena directing EMI shielding, both the
blends were systematically studied for their electrical volume
conductivity and EMI shielding properties.

2.4. Electrical Volume Conductivity of PC/PMMA
Blends. The electrical volume resistivity was measured for
melt-mixed nanocomposites of 30/70, 50/50, 60/40, and 70/
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30 PC/PMMA blends containing 1, 2, and 3 wt % of
MWCNTSs. For solution mixing, measurements were per-
formed for four sets of blends: 30/70, 50/50, 60/40, and 70/30
PC/PMMA blends containing only 3 wt % of MWCNTs. PC
and PMMA are insulating materials with very low electrical
conductivity. Figure 6 shows the DC conductivity versus the
nanotube content for melt-mixed blends and all values for
solution-mixed blends with 3 wt % MWCNTs. It can be clearly
seen that already the addition of 1 wt % MWCNTs to the
different melt-mixed PC/PMMA blends makes them con-
ductive.

The highest values of electrical conductivity were measured
for nanocomposites made of PC/PMMA 70/30 in which the
major PC component forms the matrix phase and by such
shows the highest connectivity among all blends. Even if the
local CNT content (assuming complete selective localization)
is the lowest at this blend composition, the very good
dispersion, the distinct selective localization, the perfect PC
connectivity, and possibly also a comparatively lower nanotube
shortening result in the most conductive networks. The
conductivity increases for all blends with MWCNT loading
whereby the 60/40 blends showed the lowest conductivity
values but the highest relative increase with the nanotube
amount. The values found for the volume conductivities are in
agreement with previous reports on PC/SAN blend nano-
composites, namely, PC/SAN/CNT 59/40/1 wt %>¢ and PC/
SAN 60/40 containing 0.5 wt %."

The solution-mixed PC/PMMA blends containing 3 wt %
MWCNTs (Figure 6b) exhibit electrical conductivities very
close to each other in the range of 0.35—0.4 S/m, except for the
50/50 PC/PMMA blend which exhibits a slightly higher
conductivity, illustrating a higher degree of connectivity in this
blend, which goes along with the coarser blend structure at this
composition. Although the electrical volume conductivities are
more or less similar in both sets of blends at a given
concentration of nanotubes, the EMI shielding behavior can be
very different. As discussed before, the blend morphologies
including the connectivity of the conductive component PC,
the perfectness of localization in this component, and the state
of dispersion (and nanotube length) are different in the blends.

2.5. EMI Shielding: Influence of Intertube and
Interphase Scattering. The EMI shielding effectiveness of
the PC/PMMA blends prepared by the two different
techniques of melt and solution mixing, which are primarily
used for the preparation of nanocomposites, was assessed over
X and K-band frequencies, as this frequency range is essential
for most of the commercial applications. Because polymer-
based nanocomposites manifest absorption-driven shielding,
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this class of materials has been emerging off late for EMI
shielding applications. Recently, owing to their flexibility in
developing unique microstructures, phase-separated multi-
phasic polymer blends resulted in interesting outcomes toward
microwave shielding. In this study, different overall blend
morphologies and by varying the blend composition, different
states of connectivity of the PC component, in which the
MWCNTs tend to migrate, as well as different states of
perfectness of that migration and of the state of nanotube
dispersion were achieved and can be compared.

Figure 7 shows total shielding effectiveness (SEr) as a
function of frequency for melt-processed PC/PMMA blends
containing different amounts of MWCNTSs. The SE; scaled
with the amount of MWCNTSs in the blends and has absolute
values as high as the nanotube content. This is mainly
attributed to the increased interconnectivity of the nanotube
networks of MWCNTSs at higher loading and enhanced
dielectric loss associated with these denser networks. At higher
amount of MWCNTSs, the distance between neighboring
MWCNTSs decreases, resulting in an easier transport of
nomadic charges, leading to a larger Ohmic loss. In a recent
study, the intertube and especially the interphase scattering was
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shown to play a vital role in eliminating incoming microwave
radiation.””** Intertube scattering corresponds to the scattering
of penetrated microwaves from conducting MWCNTSs, and
interphase scattering represents scattering of penetrated
microwaves from the interphase between the different blend
components. Thereby, these scattering events are strikingly
different from multiple reflections and facilitate the elimination
of penetrated microwave radiation. Comparing the different
blend compositions, a slight influence of the developed blend
microstructure on the SE; of melt-processed PC/PMMA
blends is observed. From TEM analysis, the distinct transition
of phase morphologies from the droplet matrix to cocontinuous
and finally phase inversion were observed with increasing PC
content in the blends. In all the blends, a very pronounced
localization of MWCNT in the PC component was found with
better states of dispersion at higher PC contents. It has been
reported for immiscible polymer blends that at a given
concentration of MWCNTs, cocontinuous morphologies lead
to enhanced SE; arising from interconnected MWCNTSs and
well-connected phases.”” However, in our study, in the case of
melt-mixed blends, the continuous PC matrix filled with
MWCNTs and containing finely dispersed PMMA domains
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(i.e, 70/30 wt/wt) depicted enhanced SE over the other two
types of morphologies, which is especially seen at 3 wt %
MWCNT loading as shown in Figure 7. In the 70/30 blend, the
highest volume of the preferred PC component (as compared
to the other blend compositions) is available for the
accommodation of the MWCNTs resulting despite a lower
local nanotube concentration in a relatively better dispersion of
MWCNTs as observed from TEM analysis. In addition, the PC
forms a matrix, meaning that a perfect continuous component
and the MWCNTSs show a high perfectness of migration into
that component. This explains why this particular blend shows
slightly higher electrical conductivity over the other blend
compositions containing 3 wt % MWCNTSs. The enhanced SEr
of the 70/30 blend also echoes the same. Therefore, from the
detailed TEM analysis (Figures 2 and 3) and EMI shielding
performance of melt-mixed blends (Figure 7), one can
conclude that the degree of connectivity of the PC component,
the perfectness of MWCNT migration into PC, as well as the
state of nanotube dispersion govern the final EMI shielding
performance of the blends. The better continuous the PC
component, the more pronounced the selective localization,
and the better the dispersion, the higher the electrical
conductivity and EMI shielding efficiency.

The SE; as a function of frequency for the solution-
processed PC/PMMA blends containing 3 wt % MWCNTs is
shown in Figure 8a, and the SE values of melt- and solution-
mixed blends are compared in Figure 8b. It is interesting to
note that at the selected concentration of MWCNTSs (3 wt %),
the effect of blend composition plays a pronounced role.
Thereby, the PC/PMMA 30/70 blend has the outstanding
highest shielding efficiency followed by 50/50, 70/30, and 60/
40 blends, whereas in the melt-mixed blends, the efficiency
tended to increase with the higher PC content. Interestingly, all
solution-processed blends manifested in remarkably higher
absolute values of SE than the melt-mixed blends at any given
blend composition (Figure 8b). For instance, the best SE; of
—27 dB (@18 GHz), suggesting more than 99% elimination of
incoming microwave radiation, was observed for the solution-
mixed 30/70 PC/PMMA blend with 3 wt % MWCNTs.
Moreover, the observed SEy value is well above the required
threshold for major commercial applications (i.e., >—20 dB;
absolute value). As depicted in Figure S, the solution-processed
blends, next to differences in the blend morphology when
compared with the melt-mixed ones, showed less pronounced
perfectness of selective migration of larger nanotube networks
into the PC component. Thus, much larger networks span over
both components (see Figure S). In addition, the nanotubes
appeared to be longer than in the melt-mixed blends, resulting
in an easier network formation at a given loading. The
outstanding sample of PC/PMMA 30/70 should have the
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highest effective concentration of MWCNTSs and also shows
the lowest perfectness of MWOCNT migration into PC.
Obviously, a suitable CNT network morphology and spatial
arrangement within the blend morphology are formed, which
results in the best shielding performance. This sample is
followed by the PC/PMMA 50/50 blend, which showed larger
blend domains and in context with this more pronounced
selective nanotube localization in PC. Thus, a relatively large
segregated network spans over the whole blend.

It is important to mention that in contrast to melt-mixed
blends, in which conductivity showed a stronger dependence
on composition and EMI shielding followed conductivity, in
solution-processed blends, the electrical conductivity values of
blends did not change much; however, the EMI shielding
performance changed drastically. This can be attributed to
enhanced intertube scattering because of networks with locally
higher density and a large continuous interface generated
because of cocontinuous phase morphology. This obviously
leads to maximum blocking of penetrated microwave radiation.
At higher filler concentration, apart from electrical conductivity,
the developed microstructures and interconnections between
microwave active particles govern the EMI shielding perform-
ance of the blends. Taken together, the synergy between the
cocontinuous phase morphology, the better retained nanotube
length, and the less perfect selective migration into one
component resulted in a type of segregated nanotube network
structure generating maximum attenuation of incoming micro-
wave radiation. The results imply that the blend morphology
serves as a template for the segregated nanotube network
structure, which is in the case of solution-mixed blends less
matched as larger network areas than the domain sizes are built.
This discrepancy seems to be the highest at low PC content
resulting together with the blend interface to the best shielding
efficiency of these nanotube networks.

Because the EM smog has become a great threat for safe
functioning of precise electronic devices, the attenuation of
microwave radiation through absorption is the most desired
mechanism. Therefore, in order to study the wave absorption
ability of developed blends, shielding effectiveness through
absorption (SE,) of blends was assessed over X and K,-band
frequency range. Figure 9 shows variation in the SE, for both
blend series at different blend compositions. It is seen that
irrespective of blend preparation technique and blend
composition, all blends manifest absorption-driven microwave
shielding. All PC/PMMA blends, irrespective of a processing
technique, showed a phase-separated structure with selective
localization of MWCNTs in the PC component leaving the
PMMA component almost free of nanotubes and thus
insulative. Therefore, a large fraction of incoming microwave
radiation gets penetrated in the blends (i.e, minimized surface
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reflection which is essential for microwave-absorbing materials)
through the insulative PMMA component, which is further
attenuated by interaction with the conducting PC component
and the MWCNTs. Hence, the developed blends are not only
effective in blocking microwave radiation but also help in
controlling EM smog. Interestingly, at a given composition,
solution-processed blends showed remarkably higher SE, over
melt-processed (Figure 9). For instance, the solution-mixed
PC/PMMA 30/70 blend with cocontinuous morphology
depicted the highest absorption of penetrated microwave
radiation. Because the electrical conductivity of solution-
processed blends, irrespective of composition, was approx-
imately similar, the enhanced SE, is ascribed to the intertube
and interphase scattering in the blends. The effect of blend
morphology and dispersion of MWCNTSs on microwave
absorption ability of blends is well-evident. In the case of
polymer-based nanocomposite containing heterogeneous ma-
terials with different electrical properties, the scattering of
penetrated microwave radiation due to impedance mismatch on
the micron length becomes more likely. Each scattering event
leads to the decreased power of penetrated microwave radiation
and eventually leads to elimination. This is often considered as
absorption of microwave radiation through the large dielectric
and/or magnetic loss depending on the nature of microwave
active fillers. In this case, the multiple scattering events are
facilitated by the continuous conducting polymer component
(ie, PC) and interconnected networks of MWCNTs.
However, in both the blends prepared using two different
methods, elimination of microwave radiation is associated with
the conducting and dielectrically lossy nature of MWCNTs.
2.6. Underlying Microwave Shielding Mechanism: A
Large Dielectric Loss. To understand the mechanism behind
microwave shielding in PC/PMMA blends, a closer look was
taken on the complex dielectric properties over X and K,-band
frequencies. Figure 10 shows real and imaginary permittivity of
PC/PMMA blends. Real permittivity (¢') corresponds to the
storage of electrical energy and is greatly controlled by the
polarization in the material. In this case, the polarization arises
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because of interfacial polarization induced by the large
difference between the conductivities of the insulating polymer
matrix and the conducting MWCNTs as well as from self-
polarization associated with defective MWCNTs. Moreover,
because of phase-separated blend structure and the selective
localization of MWCNT in the PC component, heterogeneous
media were developed, which act as an interface for charge
accumulation in the blends. The effect of blend composition
(i.e., blend morphologies) on ¢ is well-evident in both blend
series. However, there is no direct relation between &’ and SEr.
Imaginary permittivity (¢”) represents the dielectric loss in the
material and greatly controls the attenuation of microwave
radiation. In this case, &” mainly corresponds to the Ohmic loss
arising from nomadic charge transport through interconnected
networks of MWCNTs. The ¢” was in line with the SE and
SE, observed in PC/PMMA blends. It is worth to note that the
DC electrical conductivity of blends is not in line with &”
observed in gigahertz frequencies for PC/PMMA blends.
Hence, as mentioned earlier, the multiple intertube and
interphase scattering has a great impact on dielectric loss and
attenuation of microwave radiation. This is mainly due to
enhanced interaction of penetrated microwave radiation with a
large number of discrete MWCNTs in the conducting PC
component. Therefore, it can be concluded that the observed
absorption of microwave radiation was initiated by a large
dielectric loss. For instance, in the case of solution-mixed 30/70
blends, the cocontinuous phase morphology and well-
connected networks of MWCNTs led to maximum &”, which
is also confirmed by the highest SE; and SE,.

Figure 1lab illustrates the role of multiple scattering and
provides a possible mechanism of microwave attenuation in
PC/PMMA blends. Hence, one can conclude that by
developing heterogeneous media through selective localization
of conducting nanoparticles (in this case MWCNTSs) in
immiscible polymer blends with cocontinuous phase structure
and enhanced dispersion of nanoparticles by proper selection of
processing methodology, enhanced multiple scattering can be
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achieved, which further facilitates enhanced elimination of
incoming microwave radiation.

3. CONCLUSIONS

The effect of two traditional polymer blend nanocomposite
fabrication processes on the development of blend micro-
structures, the quality of dispersion of MWCNTSs, and the
perfectness of migration into the thermodynamically preferred
component was investigated in detail for various PC/PMMA
blends containing MWCNTs using TEM analysis. In PC/
PMMA blends prepared by solution or melt mixing, sea-island,
cocontinuous, and phase-inverted microstructures can be
obtained, depending on the blend composition. A significant
effect of processing methodology on phase morphology was
realized from TEM micrographs where melt-mixed blends
depicted cocontinuous phase structure starting at 50 wt % of
the PC component, whereas solution-mixed blends showed
such morphologies already at 30 wt % of PC. In the latter case,
the blends were mixed in the miscible state and phase
separation occurred afterward during annealing above the
glass-transition temperature of the components. Under these
conditions, phase separation was restricted, which was also
promoted by the additional influence of the nanotubes.
Irrespective of the processing technique and blend composi-
tion, all blends showed selective localization of MWCNTs in
the PC component. However, the perfectness of migration into
this component depended on the PC content and its domain
type and size on the blend preparation technique. It was better
in melt-mixed than in solution-processed blends and was as
high as the PC content. In solution-mixed blends, larger
extended network structures not fitting into the PC component
combined with longer nanotubes were observed. The state of
dispersion was better in melt-mixed samples and if a higher
accommodating PC volume was available. In solution-mixed
blends with 3 wt % MWCNTs, in spite of similar electrical
conductivities, a remarkable difference in EMI shielding
performance of the blends was observed depending on their
composition and blend microstructures. This implies that
intertube and interphase scattering plays a vital role in the
elimination of incoming microwave radiation. The highest EMI
SE of —27 dB (@18 GHz), mainly through absorption, was
achieved in PC/PMMA 30/70 solution-mixed blends contain-
ing 3 wt % MWCNTs. These blends were cocontinuous, with a
relatively fine blend structure, showed in context with the low
PC content a comparatively low degree of perfectness of
nanotube migration, and had relatively long nanotubes so that
quite large but segregated networks span over the sample
volume. In summary, this study provides first critical insights on
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the effect of blend fabrication processes on the blend
morphology, the nanotube arrangement, and the quality of
dispersion of MWCNTs, resulting in different connectivities of
the nanotube networks toward designing of high-performance
microwave absorbers.

4. EXPERIMENTAL SECTION

4.1. Materials. For designing polymer blends, medium-
viscosity PC Lexan 143R, Sabic and PMMA, Altuglas V825T,
GSFC, India, were used. MWCNTs (NC 7000) from Nanocyl
S.A,, Sambreville, Belgium, with an average diameter of 9.5 nm
and a length of 1.5 ym were used as conducting fillers.

4.2. Preparation of Nanocomposites. Melt mixing of the
polymers and MWCNTs was carried out using a twin-screw
HAAKE MiniLab II microcompounder with a set housing
temperature of 260 °C and counter-rotating screw speed of 60
rpm for 20 min. To avoid oxidative degradation, melt mixing
was performed under continuous flow of nitrogen. The blend
components were vacuum-dried at 80 °C for 12 h to eliminate
traces of moisture. All components were premixed and added
together into the running compounder.

Solution mixing of PC/PMMA blends in tetrahydrofuran was
done using bath sonication with a set power of 150 W for 30
min, followed by shear mixing using an Ultra-Turrax T25 shear
mixer at 8000 rpm for 45 min. The nanocomposite was
precipitated out using methanol and vacuum-dried to remove
traces of solvent. After drying, the blend samples were then
compression-molded at 260 °C for 20 min under 10 bar
pressure.

4.3. Nanocomposite Characterization. 4.3.1. Morphol-
ogy—OM and TEM. Blend morphologies as well as selective
localization and dispersion quality of MWCNTs in the blends
were analyzed using OM and TEM. For OM, thin sections of 1
um thickness were prepared from the solution-mixed and
afterward compression-molded films using a Leica ultra-
microtome and observed in transmission mode using an
Olympus BXS3M microscope combined with the Olympus
camera DP71. For TEM investigations, a Zeiss Libra 120
microscope was used and the micrographs were captured with
an accelerating voltage of 120 kV. In the case of melt-processed
blends, ultrathin sections (thickness 60 nm) were cut from
extruded strands using a microtome (Leica EM UC?7) equipped
with a diamond knife at a cutting speed of 0.4 mm/s at room
temperature. For solution-mixed blends, 60 nm thin sections
were cut from the compression-molded plates. No additional
staining was done on the samples prior to the TEM imaging.

4.4. Electrical Volume Conductivity. For -electrical
measurements, PC/PMMA blends were compression-molded
in a plate shape at 260 °C for 10 min. The measurements of
electrical volume resistivity (p) of the nanocomposites were
performed using a four-point test fixture (outer gold electrodes
16 mm distance, inner gold electrodes 10 mm) coupled with a
Keithley E6517A or DMM 2000 electrometer at 25 °C and
45% relative humidity. The samples were cut from the pressed
plates and had dimensions of 30 mm length and 3 mm width.
Electrical volume conductivity () was calculated from four
measurements as a reciprocal of the obtained resistivity

4.5. EMI Shielding. A vector network analyzer (VNA,
Anritsu MS4642A) coupled with a Damaskos MO7T coax setup
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was employed to study the EMI shielding properties of the
prepared nanocomposites. The reflection and absorption loss
arising from the measurement set up and transmission lines was
counterbalanced by complete two port short-open-load-
through calibration prior to the measurements. The toroidal
shape specimens with an outer and inner diameter of 7.00 and
3.04 mm, respectively, were compression-molded at 260 °C,
and various scattering parameters were recorded over X and K-
band frequencies. Complex permittivity values of nano-
composites were estimated using the Nicolson—Ross algorithm
coupled with VNA.
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