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1. INTRODUCTION

Compared to single-polymer composites, the combination of
multiphase polymer blends with conductive nanoscaled fillers
offers a much higher potential for the development of conductive
composites with very low filler concentrations. Among the
various combinations of filler localizations and phase structures
that can be formed in phase-separated blend systems, those
structures are especially promising where the fillers are either
selectively localized in one of the blend phases or at the interface
of an immiscible cocontinuous blend. Such morphologies can
potentially result in low and ultralow electrical percolation
thresholds.1,2 Thus, understanding and control of the localization
phenomena of solid nanofillers in polymer blends are the keys
toward new tailor-made materials.

Whereas localization of the filler at the interface is expected to
be the ideal scenario to reach the lowest possible electrical
percolation concentration, this structure has so far been observed
only once for melt mixed blends with carbon nanotubes
(CNTs).3,4 In contrast, blends with selectively CNT filled phases
can already today be prepared by melt mixing,5�14 thus enabling
the manufacturing of double percolated structures.6�8,10�14 The
term double percolation describes the percolation of a selectively
filled blend phase in combination with a percolated network of
fillers within this phase that enables the formation of conductive
pathways through the whole sample. This concept was first
described in 1991 for blends with carbon black (CB).1

In contrast to the comprehensive experience with CB, con-
centrated efforts to manufacture conductive thermoplastic poly-
mer blends with multiwalled carbon nanotubes (MWCNTs) by

melt processing did not start until the year 2002. The results that
were published since then indicate that for MWCNTs the
distinctive selective and exclusive localization in one of the blend
phases is very likely after melt mixing.5�14

Different concepts are described in literature to explain the
localization of solid nanofillers in polymer blends. Some authors
attributed the observed particle arrangements to melt viscosity
effects,15�17 but most frequently nanofiller localization is ex-
plained by the system’s tendency tominimize its free energy. One
possibility to express this generally valid principle is the wetting
coefficient ωa

1 that is derived from the Young’s equation.18

Examples can be found for blends with nanosilica,19�21 carbon
black,1,17,22 and CNTs.4,6�8,23,24

Unfortunately, the different approaches can presently not be
summarized to a consistent concept that is able to explain and
predict the localization of CNTs in so far not investigated blend
systems.20,25 The insufficient knowledge about the surface
properties of CNTs and their interactions with macromolecules
is one of the main inhibiting factors in this context.

To the best of our knowledge, the geometry of nanoparticles
has so far never been considered as a significant parameter for the
filler localization within the blend morphology. On the basis of
the considerations of a purely theoretical paper,26 a strong
aspect ratio dependence was concluded for the localization
behavior of nanoparticles. The derived dependency affects both
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ABSTRACT: In melt mixed multiphase polymer blends, the
mechanisms determining the spatial distribution and localiza-
tion of solid particles smaller than the blend domain sizes are
still not completely understood. From theoretical considera-
tions of a previous paper of one of the authors, it was derived
that the transfer dynamics as well as the stability of different
solid fillers at the blend interface reveal a strong dependence on
the particle’s aspect ratio. Low interfacial stabilities and high
transfer speeds between the blend phases can be deduced for
fillers with very high aspect ratios, entitled as the “Slim-Fast
Mechanism” (SFM). The SFM appears suitable to explain in retrospect important features of several previous studies that address
the localization of differently shaped nanoscaled particles in polymer blends. The SFM was evaluated by investigating the
simultaneous transfer of multiwalled carbon nanotubes (MWCNTs) and carbon black (CB) from a poly(styrene acrylonitrile)
(SAN) precompound into the thermodynamically preferred initially unfilled polycarbonate (PC) phase during melt mixing.
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the thermodynamically most stable localization in the blend and
the speed of a possible nanofiller transfer between two blend
phases. In this study, the validity of the proposed correlations is
evaluated based on several previous studies and for different
nanoparticles.

Furthermore, the aspect ratio dependency is experimentally
verified by the investigation of the simultaneous transfer of
MWCNTs and CB from a poly(styrene acrylonitrile) (SAN)
precompound into an initial unfilled polycarbonate (PC) phase.
The selected PC/SAN blend serves as a model system for the
commercially important PC/acrylonitrile�butadiene�styrene
(ABS) blends.

2. EXPERIMENTAL SECTION

2.1. Materials. Bisphenol-A-based polycarbonate Makrolon 2600
and MWCNTs Baytubes C150HP were supplied by Bayer Materi-
alScience AG (Leverkusen, Germany). According to the supplier, the
employed high purity (HP) grade of MWCNTs has outer diameters
from 13 to 16 nm and a carbon purity of more than 99%.27 According to
ref 28, 90% of the pristine MWCNTs are shorter than 1.7 μm.
Styrene�acrylonitrile statistical copolymer Luran 358N was received
from ALBIS Plastic GmbH. The molar fraction of the acrylonitrile (AN)
group of SAN dissolved in dichloromethane was determined via liquid
NMRmeasurement to be 23( 1 wt %, corresponding to 37( 1 mol %.
NMR spectra were recorded on a DRX 500 spectrometer (Bruker,
Germany) operating at 500.13 MHz for 1H and 125.75 MHz for 13C.
There is evidence that at AN contents around 25 wt % the optimum
thermodynamic interaction in between PC and SAN copolymers can be
observed.29 The zero shear viscosities as measured using an oscillatory
ARES rheometer (TA Instruments, formerly Rheometric Scientific) at
260 �Cwere 1.7� 103 and 9.8� 102 Pa 3 s forMakrolon 2600 and Luran
358, respectively. At 100 rad s�1, the viscosities dropped to 1.2 � 103

Pa 3 s for PC and 4.0 � 102 Pa 3 s for SAN.
For the preparation of PC/SAN blends with CB and CNTs, a low

structured carbon black, namely Printex 35 (labeled “CB”) from Evonik
AG (Marl), was employed.
2.2. Mixing Procedures. A discontinuous DSM Xplore 15 mL

twin-screw microcompounder (referred as DSM 15) was employed for
the melt blending. The compounder includes a bypass that enables a
circulating melt flow from the corotating conical screw ends to the
feeding zone and therefore allows the independent variation of mixing
time and screw speed. To enable the comparison of experimental results
with previous investigations,6 the processing conditions were selected
accordingly. For the first set of experiments, 1 wt % CB and 1 wt %
MWCNTs were predispersed in SAN for 5 min at 280 �C barrel
temperature and a screw speed of 100 rpm. Subsequently, the SAN-
matrix precompound was melt blended in a separate mixing step with
PC. The blend consists of 40 wt % of the SAN-CNT-CB precompound
and 60 wt % of neat PC. In a second set, 1 wt % CB, 1 wt % MWCNTs,
40 wt % SAN, and 60 wt % PC were mixed simultaneously by applying
the same processing conditions as for the first set.
2.3. Microscopy. Transmission electron microscope (TEM) in-

vestigations were performed on unstained ultrathin sections of approxi-
mately 80�100 nm thickness using a Zeiss Libra 200 microscope
operated at 200 kV. The sections taken from the center of the extruded
strands were prepared at room temperature.

3. THEORETICAL BASIS

3.1. Nanofiller Localization in Immiscible Polymer Blends.
Because of the short processing times, commercial manufactur-
ing of polymer blends with solid fillers using twin-screw extrusion
is determined by the interplay between thermodynamic driving

forces and kinetic factors. Therefore, nonequilibrium filler locali-
zation states can be obtained, specifically if the filler is initially
localized within the thermodynamically less favorable blend phase.
Then, the transfer rate can determine the final localization of the
filler in the blend. In the literature, the filler localization in melt
mixed blends is sometimes explained with viscosity effects,15�17

but the different results and interpretations cannot be summarized
to a clear trend or concept and sometimes are even opposing each
other.16,25,30 The presently insufficient knowledge originates from
the difficulties to disconnect viscosity effects from other localiza-
tion relevant parameters such as thermodynamic driving forces,
mixing regime, and the melting temperatures of the employed
polymers. Generally, the filler’s thermodynamically preferred
localization in the blend phases should not be affected by the
polymer viscosity that therefore should only be relevant for
nonequilibrium states and thus insufficient mixing procedures.
Correct interpretation of these intermediate states affords knowl-
edge about the thermodynamic equilibrium that is theoretically
obtained after infinite mixing time and practically corresponds to
processing-stable nanofiller localization in the blend. The promi-
nence of interfacial effects and thermodynamic driving forces is
generally increasingwith decreasingmelt viscosities and increasing
mixing times. The fast and complete transfer of CNTs from SAN
into PC6 reveals that nanofillers can nevertheless quickly over-
come the blend interface also for high melt viscosities of both
blend phases. Furthermore, the transfer in these blends occurs
from the lower to the higher viscosity phase.
Summarizing the state of the art, the dominating influence of

interfacial effects and thermodynamic driving forces on the
localization behavior is widely accepted specifically for nanos-
caled fillers. One possibility to express the thermodynamic
preference is given by the wetting coefficientωa that was adapted
by Sumita et al.1 from Young’s equation:18

ωa ¼
γfiller�polymer 1 � γfiller�polymer 2

γpolymer 1;2
ð1Þ

In this equation, the symbols γx denote in the numerator the
different interfacial tensions between filler and polymers 1 and 2
and in the denominator the interfacial tensions between the two
blend phases. The coefficient can be understood as a simple
mathematical description of the thermodynamic tendency of
fillers to localize in that particular position in the immiscible
blend that corresponds to the minimization of the three relevant
interfacial tensions. Nevertheless, it significantly suffers from the
difficulties to accurately measure γ between nanoparticles and
liquids. The measurement problems arise from the macro-,
micro-, and nanostructure of the agglomerated nanoscaled
surfaces of the filler. Thus, all standard measurement methods
that are based on the contact angle or capillary effects are
significantly disturbed by the surface structure, and the obtained
values can strongly deviate from the real surface properties of an
individual nanoparticle. Therefore, the direct measurement of
the interfacial tensions between the blend polymers and macro-
scopic samples prepared from the respective nanofiller is not
appropriate. Basically, it is possible to overcome these difficulties
by the calculation of the interfacial tensions/energies from
surface energy values for CNTs and blend polymers, as it is state
of the art for blends with CNTs. Nevertheless, the described
difficulties impede as well the determination of accurate surface
energy values for CNTs that are the precondition for the
calculation. The present insecurity is clearly visible when
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regarding the surface energy values for carbon nanotubes that
have been published so far. Total surface energies between 28
mJ/m2,31 and above 114 mJ/m2,32 and polarity values between
0%33 and 59%34 can be found. Beyond the uncertainty of the
measurement, the authors of studies on polymer blends with
CNTs mostly do not find surface energy data for the individual
CNT grade that is used in their investigation. Thus, the values are
commonly freely selected from the broad spectrum of surface
energies. It is obvious that the localization prediction using the
wetting coefficient can strongly depend on the selected values
and thus can once be consistent with the actually observed filler
localization and once not. These uncertainties of the prediction
are further emphasized by the strong dependence of the CNT
surface properties on the production method and on subsequent
surface treatments.35

Summarizing and despite the importance of the topic, at
present it is not possible to reliably predict the localization
behavior of nanofillers in a melt mixed multiphase polymer
blend,25 even if in many cases the prediction of the wetting
coefficient was reported to agree with experimental findings.
Nevertheless, one tendency appears to be prevalently observa-

ble from the available literature: the transfer of nanoparticles
through a blend interface appears to be fast for high aspect ratio
fillers like CNTs and slower and less effective for particles with low
aspect ratios such as carbon black. Thus, unfunctionalized CNTs
are frequently highly selective localized within the thermodyna-
mically preferred phase after typical mixing processes.5�8,10�13

In contrast, particles with low aspect ratios often are distrib-
uted in between the unfavorable (if predispersed there) and the
favorable blend phase. Furthermore, their interfacial stability
seems to be significantly higher than that of high aspect ratio
fillers. Thus, they can be additionally, preferentially or exclu-
sively localized at the interface of nonreactive immiscible blends.
This behavior is visible for example for carbon black1,2,36�44or
aggregated spherical silica particles19,20 and thus for fillers with
almost ideally low aspect ratios.
To the best of our knowledge, the observed localization

behavior has never been connected to the geometrical shape of
the incorporated particles.
3.2. Equilibrium State of Ellipsoidal Solid Particles at a

Liquid�Liquid Interface.When adapting the theoretical calcu-
lations of Krasovitski and Marmur26 toward multiphase blend
systems, the observed differences in the localization behavior
of different nanofillers can be explained. The authorsmathematically

derived the thermodynamicallymost stable position of ellipsoidal
solid particles at liquid�liquid interfaces for the equilibrium state
(Figure 1a).
The calculations show that the equilibrium position strongly

depends on the particle aspect ratio. A spherical particle that is
located at the interface of a drop and a surrounding liquid
penetrates into both liquids for a broad range of contact angles
between the particle and the liquid�liquid interface. The area part
of the particle that is in the respective liquid phase (penetration
index, Figure 1b) varies according to the contact angle.
In strong contrast, a particle with a high aspect ratio (e.g., 2a/

2b = 0.1, Figure 1a,b) either penetrates into the drop completely
or remains in the liquid. Complete coverage by one of the liquids
is obtained evenwhen the particle is only slightly better wetted by
one of the liquids and thus almost independent of the actual value
of the contact angle. Thus, an increase in the particle aspect ratio
corresponds to a sharper dependence of the penetration index on
the contact angle.
3.3. Transfer of Real Nanofillers through a Blend Interface:

The Slim-Fast Mechanism (SFM). From the presented theore-
tical concept one can derive that the particle aspect ratio is also
highly relevant for nonequilibrium processes such as melt
blending and as well for nonellipsoidal and thus real nanoparti-
cles. Strong influence on the interfacial stability and the transfer
speed can be deduced.
Adaptations of the concept for a nanoparticle that comes close

to the blend interface during melt mixing are illustrated in

Figure 1. Solid particle at the interface of a liquid drop and a surrounding liquid:26 (a) geometric arrangement; (b) correlation of penetration index and
contact angle for different particle aspect ratios (2a/2b = 1, 0.5, and 0.1), assuming negligible line tension.26 The penetration index is defined as the
percentage of the particle penetration into the drop. Reproduced with permission from ref 26. Copyright 2005 Taylor and Francis.

Figure 2. Ideal low aspect ratio filler (not slim) at the blend interface
during melt mixing. The interfacial curvature can relax while θ2 is
constant, and thus the driving force Fcurvature is decreasing during the
transfer.
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Figures 2 and 3. Particle transfer through the blend interface
occurs when the filler is initially located in the less favorable
wetting blend phase (here polymer 2). When the flow field
induces contact of interface and nanoparticle, the molecules of
the more favorable blend phase (polymer 1) that are close to the
interface will advance on the particle surface and thus, if possible,
substitute those of polymer 2. This results in a thermodynami-
cally instable curvature that is determined by the equilibrium
wetting angle θ2. In the initial state of the transfer, the curvature is
on an equal level for spheres and rods (Figures 2a and 3a). To
achieve a more stable configuration, the interface relaxes by
decreasing the curvature to some degree, which drives the wetted
particle a certain distance into the more favorable wetting phase.
As this movement increases the wetting angle of the preferred
phase θ2, the molecules of this phase advance again some
distance on the surface of the particle, until the equilibrium
wetting angle is restored. Each of these cycles results in an
increasing part of particle surface being covered by the more
favorable wetting phase. To get a feeling for the real process, one
has to imagine an infinite number of infinitesimal small relaxa-
tions and advances that finally transfer the particles into the phase
with the more favorable particle wetting.
To understand why high aspect ratio objects are transferred

faster and more efficient as compared to those with low aspect
ratios, one has to consider the change of the blend interface
curvature during the transfer process. Generally, the instability of
the curvature is generating the driving force (Fcurvature) for the
transfer of the solid particle.
Figure 2a,b illustrates that the geometrical peculiarities of

spherical particles enable the relaxation of the curvature by a
small shift of the particle position toward the better wetting
phase. Thus, particles with low aspect ratios and ellipsoidal
surfaces can maximize their thermodynamic stability at the blend
interface by moving in the direction of the better wetting blend
phase while the equilibrium wetting angle θ2 at the ternary
interface remains unchanged.
In contrast, this is not possible for rodlike particles. The

curvature of the blend interface induced by the rod is indepen-
dent from its movement toward the better wetting phase. Thus,
Fcurvature is not decreasing during the motion of the rod toward
polymer 1. The blend interface can only relax after the rod has
been completely transferred (Figure 3a,b). Therefore, its stability
at the blend interface is low, provided that the long axis of the
filler is orientated perpendicular or significantly off-axis to the
direction of the blend interface. The transfer should thus be faster

and more effective than that of a low aspect ratio particle with a
similar wetting angle. This provides a reasonable explanation for
the fast and complete transfer of CNTs from a less favorable into
a more favorable wetting blend phase (Figure 4b) that has for
example been comprehensively described for PC/SAN blends
with MWCNTs.6

Thus, the probability of filler localization in both immiscible
blend phases or at the blend interface after melt mixing is
decreasing with increasing aspect ratios (Figure 4b).
We propose to address this fundamental difference as the

“Slim-Fast Mechanism” (SFM), as the transfer of “slim” nano-
fillers (Figure 3) should occur significantly faster than that of
“chubby” ones (Figure 2). This mechanism should be valid for all
fillers that are sufficiently small as compared to the size of the
typical features of the blend morphology.
3.4. Particle-Shape Dependent Interpretation of the Wet-

ting Coefficient. The presented findings affect also the inter-
pretation of the wetting coefficient. Usually ωa is interpreted as
proposed by Sumita et al.1 Fillers are expected to be located at the
interface forωa values in the interval between 1 and�1, whereas
lower or higher values correspond to the localization in one of the
blend phases. The wetting coefficient was interpreted accord-
ingly in several publications discussing the MWCNT localization
behavior in multiphase mixtures.4,6�8,23,24 From the calculations
of Krasovitski and Marmur,26 one can derive that the interval of
stable filler localization at the blend interface will strongly narrow
as the effective aspect ratio of the solid filler increases.
3.5. Inhibition of the Slim-Fast Mechanism. For an indivi-

dual tube, the interval narrows the less the lower the angle in
between the blend interface and the filler’s length axis. Thus, the
probability of interface localization increaseswith decreasing angle.
For parallel orientation, the SFM is suspended (Figure 5c,d).
Generally, the probability for interface coverage rises with

increasing interfacial tension between the two polymers. By
localizing at the blend interface, the filler can minimize the
system’s free energy by protecting the two “opposing” polymers
from each other, as it has been observed for example for PP/PC
blends with montmorillonite (MMT)45 and PBT/PE blends
with layered silicate.46 There, the localization at the interface is
promoted by both the only moderate aspect ratio and the sig-
nificant interface coverage of each individual layer due to its two-
dimensional shape. For CNTs, the effect of interfacial energy
minimization is lower due to their one-dimensional shape.

Figure 3. High aspect ratio filler (slim) at the blend interface. The
interfacial curvature is not able to relax when θ2 remains constant. Thus,
the driving force is not decreasing during the transfer.

Figure 4. Typical localization scenarios for low (a) and high (b) aspect
ratio fillers that were predispersed within a poor wetting blend phase
(yellow) and subsequently melt-blended for same mixing times with a
more favorable polymer (blue): (a) Spheres and ellipsoidal particles are
distributed in between the blend interface and the preferred (blue) blend
phase according to their interfacial stability. (b) Slim CNTs are highly
selective localized in the preferred blend phase (blue) after melt blending.
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Beyond these geometrical considerations, there are some
other phenomena that can disrupt the SFM. First, fillers that
have been chemically coupled to one of the blend phases before
or during blending cannot be transferred by the SFM. Second,
the irreversible physical adsorption of one polymer phase on the
surface of high aspect ratio fillers such as CNTs can also suspend
the SFM. The stable localization of a significant amount of high
aspect ratio MWCNTs at a blend interface has so far been
observed only once for polyamide/ethylene acrylate copolymer
blend systems with industrial nanotubes and was attributed to
such adsorption phenomena.3,4

The impact of irreversible adsorption or chemical coupling on
the CNT localization during melt mixing would most likely be
the same. If present, the sections of the tube where polymer
chains are either adsorbed or coupled can possibly be anchored in
the less favorable blend phase, while the free end of the tube still
experiences a thermodynamic driving force into the more favor-
able wetting phase. For the described PC/SAN model blends6

and even for CNT predispersion in SAN, a simultaneous interfacial
contact of CNTs with both blend phases can only be found as an
exception or by intensive search in TEM investigations. Thus, this
study’s results as well as that of several other studies dealing with the
localization of all kinds of nanoscaled fillers including CNTs reveal
features that can be explained with the SFM.
3.6. Aspect Ratio of Nonideal Nanoscaled Fillers. Never-

theless, for real fillers it is always important to check whether the
theoretically assumed aspect ratios reflect the real particle shapes
in the polymer melt. Specifically for CNTs the actual aspect ratio
is strongly dependent on the dispersion state. Only individual
and stiff CNTs reveal high effective aspect ratios. Agglomerates
or curved and coiled shapes of individual MWCNTs that can be
frequently found when melt-processing commercial grades cor-
respond to significantly lower aspect ratios (Figure 6). Thus, for
the transfer speed, a differentiated view on the spectrum of actual
nanotube shapes during melt mixing is required.
During themelt-blending process, the transfer of CNTs will be

fast when the parts of the nanotubes belonging to section 2,
Figure 6 (exception from SFM), and section 3 (low aspect ratio)
are small as compared to section 1. Then, the transfer is
dominated by the accelerating section 1 and occurs according
to the SFM. Therefore, after a standard melt mixing process,
there should be only very few CNTs bridging both phases as this
corresponds to the highest driving forces and the lowest

interfacial stability. The probability of processing-stable localiza-
tion of an individual CNT at the blend interface is increasing with
the percentage of retarding sections within the tube. Thus, the
transfer speed also depends on the orientation of the CNTs in the
moment where mixing induces the first contact with the blend
interface. In strong contrast to CNTs, CB reveals low aspect ratios
regardless of its dispersion state. For these fillers, the differentiation
between different dispersion states is not as important as for CNTs.
In the results part, the fundamental difference of interfacial

stability and transfer speed for fillers with different aspect ratios
that was derived from the SFM is experimentally verified.

4. RESULTS AND DISCUSSION

4.1. MWCNTS in PC/SAN Blends. In a previous work,6 we
have shown that after 5 min melt mixing of PC and SAN the

Figure 5. Low aspect ratio particles can be localized thermodynamically stable at the blend interface even if they are significantly better wetted by one of
the blend phases. The most stable state is described by the penetration index (Figure 1b) that is a function of the wetting angle. In the example, the
spheres (a) penetrate to a bigger part into the better wetting (blue) blend phase, thus approaching their equilibrium position at the blend interface (b).
(c, d) Probability of thermodynamic stable localization at the blend interface of slim fillers increases with decreasing angle between blend interface and
filler length axis. In case of parallel orientation (c,d), the biggest part of the tube length retards the transfer. Thus, the highest possible interfacial stability
is obtained.

Figure 6. Shape of typical commercialMWCNTs and the shape-dependent
efficiency of the SFM. Sections that accelerate the transfer (section 1) have
to be distinguished from slow-down sections (sections 2 and 3).
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incorporated MWCNTs are always exclusively located within
the PC phase of the blend, independent of the applied mixing
regime (Figure 7). The CNTs were even then found to be

completely localized within the PC phase when they were
predispersed in SAN before subsequent melt blending with neat
PC. The CNT transfer from SAN to PC during melt mixing

Figure 7. TEM micrograph of a PC/SAN blend with 2 wt % MWCNT in the PC phase, melt-blended for 5 min at 280 �C barrel temperature and
100 rpm in a microcompounder.6

Figure 8. Localization of MWCNTs and CB in cocontinuous blends of PC and SAN (PC60/SAN40). The blend was prepared by predispersing CB and
CNT in SAN and then blending with PC. The SAN phase appears little brighter than the PC phase and shows some characteristic roughness. CNTs
located at the interface can be assigned to the exceptions from the Slim-Fast Mechanism (sections 2 and 3 in Figure 6, here labeled as “2” and “3”). To
avoid excessive masking of the image, CB was labeled only in (b), whereas (a) focuses on the localization of CNTs.
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has, beyond our first investigations on this topic, been verified
by several additional methods, including EDS/SEM (energy
dispersive X-ray spectroscopy in scanning electron microscope)
and EFTEM (energy-filtered transmission electron microscope)
analysis.
Corresponding to the predictions that can be derived from the

above-mentioned theoretical concept, separated tubes are rarely
found at the interface of these blends. If they are at the interface,
they aremostly coiled or connected to other coiled tubes forming
microagglomerates or dominated by the parts corresponding to

section 2 in Figure 6. Therefore, the localization behavior of
Baytubes C150HP in the investigated PC/SAN blends is con-
sistent with the principles of the SFM.
4.2. Simultaneous Transfer of Carbon Black and MWCNTS

through the Blend Interface. In order to evaluate the validity of
the concept beyond the described experimental results and the
discussed literature, we aimed at investigating a system where
two fillers with strongly differing aspect ratios are simultaneously
transferred between the blend phases. Therefore, a blend system
would be highly desirable, where both fillers are initially localized

Figure 9. Localization of MWCNTs and CB in a cocontinuous PC60/SAN40 blend prepared by one-step mixing of all four components (SAN phase:
bright; PC-phase: gray).

Table 1. Classification of the Transfer Speed and Interfacial Stability of Small Objects in Polymer Blends during Melt Mixing
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in the same blend phase and where both fillers reveal a compar-
able higher affinity toward the initially unfilled blend phase. Thus,
from the share of particles transferred to the more favorable
phase and the share that is localized at the interface after
blending, one could derive conclusions for the interfacial stability
and speed of particle transfer. Carbon black appears to be the
ideal counter partner for MWCNTs, as it also reveals a carbon-
based surface while the aspect ratio is in all possible dispersion
states very low.
For (PC/SAN)�MWCNT blends the transfer of MWCNTs

from SAN toward the PC phase has been shown in our previous
works.6 For CB, the thermodynamic preference in the PC/SAN
model blend was unknown. Aiming at a simultaneous transfer of
CB and MWCNTs from one phase to the other, CB and
MWCNTs were first predispersed within the SAN phase. This
precompound was subsequently blended in a second step with
the neat polycarbonate.
Figure 8 shows TEM images of the final blend morphology

that was obtained after 5 min melt blending. The phases were
assigned to PC and SAN via EFTEM (energy-filtered TEM)
investigations relying on the characteristic elements nitrogen
within SAN and oxygen within PC that are not contained in the
respective other phase. As expected and in accordance with our
previous investigations, the predominant fraction of CNTs
migrated from SAN into PC.
The MWCNTs that are located at the interface are either

oriented parallel to the interface (Figure 6, “2”) or reveal coiled
shapes of one or more CNTs (Figure 6, “3”). Consistent with the
SFM, after 5 min of melt mixing, none of the MWCNTs
corresponds to Figure 6, “1”. This was also true for many other
TEMmicrographs. Thus, the localization ofMWCNTs coincides
with the proposed mechanism.
For CB, two notable features of the localization behavior can

be seen. First, also CB is transferred from SAN into PC. Second,
and despite the fact that both CB and MWCNTs experience a
thermodynamic driving force toward the PC phase, the amount of
CB at the blend interface is much higher than that of MWCNTs.
Therefore, the high degree of interfacial coverage by CB is achieved
by the enforced transfer of all particles through the blend interface
during melt mixing and their higher interfacial stability and thus
slower transfer speed.
4.3. Simultaneous Addition of Blend and Nanofiller Com-

ponents. Accordingly, PC/SAN blends prepared by one-step
blending with CB and MWCNTs reveal a significantly lower
particle concentration at the blend interface (Figure 9). There,
the fillers do not necessarily have to be transferred through
the blend interface in order to localize within the preferred PC
phase, although SAN is the earlier softening polymer in the blend.
4.4. Classification of Different Nanoscaled Fillers. Summar-

izing, important aspects of the localization behavior of CB and
MWCNTs but also of other nanofillers can be explained with the
SFM. The particle aspect ratio was identified as an important
parameter for the interfacial stability and the speed of nanofiller
transfer through a blend interface during melt mixing. Consider-
ing also the dispersion-state dependence of the aspect ratio,
nanofillers can be subdivided in different groups according to the
SFM (Table 1). Beyond CNTs, broad particle aspect ratio
distributions during melt processing are obtained also for other
nanofillers such as carbon nanofibres (CNF) and halloysites.
Generally, the dispersion-state dependence increases with in-
creasing aspect ratio of the individual nanoparticles and is thus
low for fillers like carbon black.

Layered silicates, graphite, orMMT represent a special case, as
even their exfoliated sheets are only nanoscaled in one dimen-
sion. This means that even though their aspect ratio between the
in-plane dimensions and thickness is high necessarily significant
parts of the layer’s edges will be oriented parallel to the blend
interface during transfer. Thus, intermediate interfacial stability can
be derived from the SFM. The specific ability to cover significant
parts of the interface with only few nanometer thick sheets enables
to effectively protect two opposing blend polymers from each other.
Thus, exfoliated sheets can still reveal high interfacial stability
specifically for highly incompatible blend phases. Examples for
their localization at the blend interface can be found in the
literature.21,45�48

5. SUMMARY AND CONCLUSION

The mechanisms that are responsible for the localization of
nanoscaled fillers during melt mixing of multiphase blend
systems are still not completely understood.25 Fast and complete
transfer of MWCNTs from SAN to PC during melt blending of
PC/SAN blends was observed in a previous study6 and initiated
the search for possible explanations.

As a main innovation of this study, a correlation of the aspect
ratio of nanoparticles and their localization in immiscible blends
during melt mixing is proposed based on the theoretical considera-
tions of Krasovitski andMarmur.26 Consequences were derived and
discussed for the shape dependence of the interfacial stability of
nanoscaled particles during melt mixing with multiphase thermo-
plastic blends. A fast and effective transfer mechanism from
a thermodynamically unfavorable into a more favorable blend
phase is predicted for CNTs, which gains its efficiency from
the high aspect ratio of the nanotubes. For them, thermody-
namic stable localization at the blend interface is expected to be
unlikely.

In contrast, for nano-objects with low aspect ratios like carbon
black, a significantly slower transfer speed and higher stability at
the blend interface is predicted. The suggested shape depen-
dence of nanofiller localization was verified by a detailed
investigation of a mixed filler system consisting of low aspect
ratio carbon black and high aspect ratio carbon nanotubes.
Predispersing both fillers within the thermodynamically unfa-
vorable SAN phase and subsequent melt blending with the
more favorable PC phase enabled the monitoring of the
interfacial transfer mechanism. It turned out that for both fillers
the individual particles followed the postulated principles. This
shape-dependent localization behavior was proposed to be
addressed as “Slim-Fast Mechanism” (SFM), as the transfer
of a slim (high aspect ratio) particle through the blend interface
is proposed to be generally faster than that of a chubby (low
aspect ratio) one.

The SFM was furthermore able to explain important aspects of
several previous studies concerning the localization behavior of
different kinds of nanofillers in polymer blends. By means of
this study, we want to encourage distinguishing between fillers
with high and those with low aspect ratio when discussing the
localization of nanoscaled particles during melt mixing of polymer
blends.

Generally, deeper understanding of nanofiller localization in
blend morphologies during melt mixing in conventional extru-
ders will be one of the key factors on the way to new cost-effective
functional polymer materials.
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