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ABSTRACT: Polypropylene/polyamide 6 blends and
their nanocomposites with layered silicates or talc were
prepared in a melt-compounding process to explore their
mechanical performance. The thermomechanical behavior,
crystallization effects, rheology, and morphology of these
materials were studied with a wide range of experimental
techniques. In all cases, the inorganic filler was enriched in
the polyamide phase and resulted in a phase coarsening of
the polypropylene/polyamide nanocomposite in compari-
son with the nonfilled polypropylene/polyamide blend. The
mechanical properties of these nanoblends were conse-

quently only slightly better than those of the pure polymers
with respect to the modulus, whereas the impact level was
below that of the pure polymers, reflecting the heterogeneity
of the nanoblend. Polymer-specific organic modification of
the nanoclays did not result in a better phase distribution,
which would be required for better overall performance.
© 2006 Wiley Periodicals, Inc. J Appl Polym Sci 100: 283–291, 2006
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INTRODUCTION

Especially for demanding technical applications, for
which a high constructional load should be sustained,
polypropylene (PP) and its compounds suffer from
shortcomings in the elastic modulus and maximum
usage temperature. Also, a combination of both (i.e., a
reduction of the modulus with increasing tempera-
ture) is considered critical even for advanced com-
pounds based on PP. With a steady increase in the
crystallinity of PP in combination with the application
of special mineral fillers, the limits have been shifted
in recent years, but the frontline of mechanical perfor-
mance can only be reached with long glass fibers,
which severely limit the processability and surface
appearance.1–4

Polyamide 6 (PA-6), especially when combined with
fillers, can reach higher stiffness and heat deflection
temperature levels. The problems associated with this
material are more connected to the water absorption,

which not only reduces the mechanical strength but
also results in degradation by hydrolysis. This behav-
ior becomes even worse in contact with more aggres-
sive chemicals.

The combination of the mechanical properties and
chemical resistance of PA-6 and PP by mechanical
mixing (blending) has been tried before in reactive
and nonreactive blends of these two polymers. One of
the key problems in balancing the properties of such
systems is the necessity of using a compatibilizer to
achieve a reasonable impact strength through an in-
crease in the phase adhesion between the blend
phases. The compatibilizers usually applied, however,
limit the modulus level.5–9 The combination of such
systems with mineral fillers has mostly had limited
success so far; only glass fibers appear to be interest-
ing,10,11 but they have the aforementioned negative
side effects.

In the study presented here, the possibility of com-
bining PA-6 reinforced with nanoparticles, mainly or-
ganophilic montmorillonite, with PP to create blends
with superior mechanical performance was investi-
gated. The very small and highly anisotropic particles
resulting from the exfoliation of clay have demon-
strated a strong reinforcing potential in polyconden-
sates such as PA-6,12–16 while not damaging process-
ability and surface appearance. When applied to the
reinforcement of polyolefins, the problems of disper-
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sion and exfoliation are much greater because of the
large difference in the polarity between the polymer
matrix and clay. A combination in the form of a polar/
apolar thermoplastic blend appeared, therefore, to be
of interest.

BACKGROUND AND EARLIER WORK

The area of PP/PA-6 blends was investigated in-
tensely in both academia and industrial research, es-
pecially in the early 1990s. A large number of publi-
cations have been published in the field,17–20 and the
composition effects of these materials, as well as the
morphology, rheology, and mechanical performance
range, are rather well understood. The use of a com-
patibilizer—whether added as a separate component
or created in situ through reactive modification—is
indispensable for achieving a finely disperse phase
structure and acceptable mechanics.

Studies on the reinforcement of such blends with
mineral fillers and glass fibers have been published to
a lesser extent,10,11 although it is well known that these
materials have been investigated, especially in indus-
trial research. This fact is well documented by a num-
ber of patents.21,22

Nanocomposites based on thermoplastic polymers
and clay minerals, specifically with organically mod-
ified montmorillonite or similar clay minerals, are a
group of materials that have been investigated with
growing intensity since the beginning of the 1990s. An
extensive review of such hybrid materials has been
published recently,23 summarizing the academic and
industrial aspects of their preparation, characteriza-
tion, and properties.

Among these materials, combinations of PA-6 and
organophilic montmorillonite are, again, a well-docu-
mented class of thermoplastic engineering materials
with high performance. Various aspects, such as the
matrix molecular weight effects,12 mixing energy influ-
ence,13 crystallization,14,15 and processing behavior,16

have been studied in detail. Although the market pene-

tration of these materials has so far been less fast than
originally predicted, the patent coverage is already
rather high.24,25 Two possible methods of production
have been studied: the in situ polymerization of �-cap-
rolactam after the impregnation of the clay and the melt
compounding of the polymer and nanofiller.

The use of nanofillers in PP/PA-6 blends has so far
not been investigated thoroughly. Just four examples
of such kinds of combination have been found in the
literature:

• Liu et al.26 attempted to reduce the inherent brit-
tleness of a PA-6 nanocomposite by adding maleic
anhydride (MAH) grafted PP (PP-g-MAH).

• Tjong et al.27 used a PP–vermiculite nanocompos-
ite as reinforcing phase for PA-6 (although the
actual morphology and state of exfoliation of the
final composition were not fully clear in this case).

• Chow et al.28 prepared one-step compounds of
PP, PA-6, PP-g-MAH, and an organophilic nano-
clay by melt mixing (this study already demon-
strated two important facts: the nanoclay concen-
tration was much higher in the PA-6 phase, and
the modulus increase of the combined system
achievable with 4 wt % nanoclay was significantly
less than that for pure PA-6 (23 vs 60%)].

• Tang et al.29 experimented with various mixing
sequences of PP, PA-6, PP-g-MAH, and an or-
ganophilic nanoclay at constant compositions,
finding the order of addition to affect the final
structure (apart from the predominance of a nano-
clay presence in the PA-6 phase, some cases of a
labyrinth structure, in which the clay was found
mainly at the interface between the two polymers,
were described).

EXPERIMENTAL

Materials and compounding

A high-molecular-weight PP homopolymer, BE50 (Bo-
realis, Schwechat, Austria), was used as one of the

TABLE I
Investigated Compositions

No.
PA-6

(wt %)
PP

(wt %)
SEBS-g-MAH

(wt %)
PP-g-MAH

(wt %)

Filler 1 Filler 2 MFR
(g/10 min)aType wt % Type wt %

KBO 01 100 0 0 0 — 0 — 0 15
KBO 02 92.5 0 0 0 Nanofil 919 7.5 — 0 8
KBO 03 0 100 0 0 — 0 — 0 0.3
KBO 04 0 85 0 7.5 Nanofil 15 7.5 — 0 0.8
KBO 05 19 76 5 0 — 0 — 0 9
KBO 06 12 75.5 5 0 Nanofil 919 7.5 — 0 8
KBO 07 16.5 67 4 0 Talc A7 12.5 — 0 4
KBO 08 12.5 65 4 5.5 Nanofil 919 7.2 Nanofil 15 5.8 5
KBO 09 12.5 68 0 6 Nanofil 919 7.5 Nanofil 15 6 7

Melt flow rate (MFR) according to ISO 1133 at 230°C and 2.16 kg.
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polymer components; a standard PA-6, Durethan
B30S (Bayer, Leverkusen, Germany), was used as the
second blend component. Two different compatibiliz-
ers, which had turned out to be efficient in earlier
studies on blends, were applied: Polybond 3200
(Crompton, Zwijndrecht, Belgium), a PP-g-MAH with
a grafting degree of 0.5 wt % MAH, and Kraton
FG1901X (Kraton Polymers, Houston, TX), a styrene
elastomer (SEBS structure) grafted with MAH (sty-
rene-ethylene-butadiene-styrene copolymer (SEBS)-g-
MAH).

Both nanofillers used—Nanofil 15, which is suitable
for polyolefins (with distearyl dimethyl ammonium
chloride modification), and Nanofil 919, which is rec-
ommended for polycondensates (with stearyl di-
methyl benzyl ammonium chloride modification)—
were supplied by Süd-Chemie AG (Moosburg, Ger-
many). A nontreated talc, Luzenac A7 (top cut � 7
�m, average particle size � 1.8 �m; Luzenac, Tou-
louse, France), was used as a reference mineral filler.

The preparation of the blends was carried out in
multiple extrusion steps in any case. First, nanocom-

posites based on PP or PA-6 were prepared by the
melt compounding of the polymer with nanoclay, fol-
lowed by the blending of the nanocomposites with
either a pure polymer or a nanocomposite into nano-
blends with montmorillonite in either one or both of
the polymer phases. The compounding was per-
formed on a corotating twin-screw extruder (ZE25,
Berstorff, Hannover, Germany) with a length of 36 D
at a screw speed of 300 min�1, a throughput of 10
kg/h, and temperature settings between 200 and
220°C for PP and between 250 and 230°C for PA-6 and
blend nanocomposites, and the composites were fi-
nally pelletized from strands solidified in a water
bath.

For the PA-6 nanocomposites, only one compound-
ing step was required, for which both the polymer
granules and the nanofiller were fed into the main
hopper, the extrusion being run with vacuum degas-
sing at 28 D. The PP nanocomposites were produced

Figure 1 Complex viscosities of pure matrix polymers (—)
PA-6 (KBO 01) and (- - -) PP (KBO 03) and single-polymer
nanocomposites of (�) PA-6 (KBO 02) and (‚) PP (KBO 04),
as calculated by the Cox–Merz rule from G�(�) and G�(�) at
230°C (storage and loss modulus).

TABLE II
DSC and DMA Results

No.

DSC DMA

Tm (PP)
(°C)

Hm (PP)
(J/g)

Tm (PA-6)
(°C)

Hm (PA-6)
(J/g)

To (PP)
(°C)

To (PA-6)
(°C)

Tg (PP)
(°C)

Tg1 (PA-6)
(°C)

Tg2 (PA-6)
(°C)

Tg (SEBS)
(°C)

KBO 01 — — 213 89.6 — 190 — �74 34 —
KBO 02 — — 219 69.5 — 192 — �74 32 —
KBO 03 164 107.1 — — 119 — 6 — — —
KBO 04 164 99.0 — — 121 — 2 — — —
KBO 05 164 81.0 219 11.9 118 183 8 �75 nd �50
KBO 06 164 81.4 219 5.6 119 185 2 �75 nd �50
KBO 07 164 69.9 219 10.7 121 190 6 �75 nd �50
KBO 08 164 81.3 216 3.1 119 191 0 �75 nd �50
KBO 09 164 80.4 218 2.7 120 190 �2 �75 nd —

nd � not detectable.

TABLE III
Mechanical Properties ISO Tests were Done on

Injection-Molded Specimens; DMA Tests were Done on
Compression-Molded Plaques

No.

Flexural test
modulus

(MPa)

Charpy ISO 179
1eA G� (DMA)

23°C
(kJ/m2)

�20°C
(kJ/m2)

23°C
(MPa)

80°C
(MPa)

KBO 01 2710 3.6 3.0 789 163
KBO 02 3890 2.7 2.5 1153 336
KBO 03 1630 19.1 2.8 695 152
KBO 04 2150 16.5 2.2 912 209
KBO 05 1550 23.7 6.7 576 117
KBO 06 1380 7.4 3.0 683 157
KBO 07 2190 19.6 7.2 883 192
KBO 08 1650 6.3 3.4 814 187
KBO 09 2080 4.9 2.0 950 272
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in two steps: first, the compatibilizer and the nanofiller
(batch preparation) were combined, and then this
compound was diluted with the base PP polymer to
the target clay content. Table I gives the compositions
of all the investigated systems.

Morphological and rheological characterization

The blend structure—the phase distribution and nano-
filler dispersion—was mainly evaluated with electron
microscopy techniques. Two different approaches
were tried successfully: scanning electron microscopy
(SEM) on cold-cut surfaces etched with formic acid to
remove the PA-6 phase and transmission electron mi-

croscopy (TEM) on ultramicrotomed specimens after
contrasting with RuO4. However, TEM investigations
on cryofractured surfaces gave a rather unclear pic-
ture. SEM was performed on a Leo VP 435 (Zeiss,
Oberkochen, Germany), and TEM was performed on a
Tecnai G2 12 (FEI Co., Hillsboro, OR) equipped with a
charge-coupled device camera (Gatan Bioscan, Gatan,
Pleasanton, CA) at 100 kV.

For checking the actual degree of exfoliation of the
nanofillers, small-angle X-ray diffraction of the pure
nanoclays as well as some selected compositions was
performed with a Kratky camera (O. Paar, Graz, Aus-
tria).

Rheological investigations have been found to be
useful for understanding both morphology develop-
ment in polymer blends5,30 and the quality of the filler
dispersion.31 Dynamic mechanical measurements in
plate–plate geometry at 230°C were used for charac-
terizing the nanoblends. The measurements were per-
formed on an ARES instrument (Rheometrics, now TA
Instruments, Crawley, UK), starting with compres-
sion-molded plaques and scanning from high to low
frequencies.

Thermal and thermomechanical characterization

The melting and crystallization behavior of the nano-
composite compositions was investigated with differ-
ential scanning calorimetry (DSC) at heating and cool-
ing rates of 20 K/min with a Q1000 (TA Instruments).
Dynamic mechanical analysis (DMA) at a frequency of
1 rad/s and a heating rate of 2 K/min was carried out
to determine mobility transitions, with the same sam-
ple preparation and instrument used for the rheologi-
cal measurements. Table II summarizes the glass-tran-

Figure 2 Nanofiller dispersion images (TEM micrographs after RuO4 staining) of single-polymer nanocomposites of PA-6
(KBO 02; left) and PP (KBO 04; right).

Figure 3 Complex viscosities of PP/PA-6 blends (—) with-
out nanofillers (KBO 05), (�) with 12.5 wt % talc (KBO 07),
and (‚) with 12.7 wt % nanofiller combination (KBO 08), as
calculated by the Cox–Merz rule from G�(�) and G�(�) at
230°C.
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sition temperature (Tg), peak melting temperature
(Tm), and peak crystallization temperature (Tc).

The mechanical performance of all compounded
materials was evaluated from injection-molded speci-
mens (injection molding machine, Demag, Schwaig,
Germany) in the dry (as-molded) state. The flexural
modulus (ISO 178) and Charpy notched impact
strength (ISO 179 1eA at �23 and �20°C) for speci-
mens of 80 � 10 � 4 mm3 were determined; the results
are summarized in Table III.

RESULTS AND DISCUSSION

Morphology and rheology

As already known from the field of polymer blends in
general, the rheology and morphology of a multiphase

material are closely linked. The ratio between the com-
plex viscosities of the matrix and disperse phase of a
two-phase system defines the resulting phase struc-
ture, whereas this morphology again affects the flow-
ability of the final material. In the case of the materials
studied here, which more or less have a PP/PA-6
composition of 80/20 (w/w), the particle size of the
disperse (PA-6) phase will be defined by the afore-
mentioned ratio.

The two polymer components were selected so that
the higher viscosity of the continuous (PP) phase over
a wide shear rate range would ensure good dispersion
of the PA-6 phase (see Fig. 1). The addition of 7.5 wt %
organoclay has, however, quite different effects on the
two polymers: Although the viscosity increase is
limited to the very low shear rate range (essentially

Figure 4 Morphology of a PP/PA-6 blend (KBO 05): a comparison of an etched SEM image after cutting (left) and a
RuO4-stained TEM micrograph (right) for phase-structure analysis.

Figure 5 Morphology of a PP/PA-6 nanocomposite (KBO 08): a comparison of an etched SEM micrograph after cryofrac-
turing (left) and a TEM micrograph (right) for phase-structure analysis.
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resulting from a low frequency plateau of storage mod-
ulus (G�)) for PP, the flow curve is altered completely for
PA-6. As Figure 2 shows, this results from a rather ob-
vious difference in the degree of dispersion (even if the
addition of the low-viscosity compatibilizer, PP-g-MAH,
will also affect the viscosity in the case of the PP nano-
composite). The number of nonexfoliated, thicker stacks
and nonintercalated structures is significantly higher in
the case of PP; this fact is also reflected in the small-angle
X-ray scattering (SAXS) investigation discussed later.

Although the rheology of the PP/PA-6 blends is
again rather weakly affected by the filler addition (see
Fig. 3), their morphology reflects the difference in the
phase viscosity relation from Figure 1. In the case of
the pure blend (see Fig. 4), a rather homogeneous
distribution of PA-6 particles with a diameter of �0.2
�m can be seen, practically all of these revealing an
interfacial structure typical of the use of SEBS-g-MAH
as a compatibilizer, in which the polystyrene domains
are clearly visible at higher magnifications (see also
the TEM images in ref. 20). The so-formed soft cou-
pling of the two polymer phases allows rather high
toughness levels, which are retained at subzero tem-
peratures because of the low Tg of SEBS.

When nanofillers are added to both polymer com-
ponents before blending, two things can be observed:

• The phase structure becomes much coarser (see
Fig. 5), and most of the nanofiller particles end up
in the PA-6 phase. Figures 4 and 5 also show that
much more detailed structural information is ob-
tainable with the stained TEM micrographs in
comparison with the SEM images.

• The greater affinity to the more polar polyconden-
sate phase is not limited to the nanofillers (for
which the differences in the surface treatment

between the two applied grades do not affect the
distribution). As Figure 6 illustrates, the talc par-
ticles are more likely to be covered by a PA-6
layer or particle than to be dispersed in the PP
phase. The aforementioned phase-coarsening ef-
fect is especially dramatic for the combination of
pure PP with the PA-6 nanocomposite in KBO 06.

The dispersion quality and agglomeration effects are
also reflected in the SAXS diagrams. Although the sole
use of this method to evaluate the degree of exfoliation
of a nanocomposite is not recommended and gives
only a semiquantitative picture because of dilution
effects and the failure to reflect major agglomerations,
it is a very useful tool for checking actual intercalation
and exfoliation phenomena. The strong difference be-
tween the polyolefin with the nanofiller and the poly-
condensate with the nanofiller, already outlined be-
fore, can also be seen in Figures 7 and 8. Although in
the case of PP, even with the addition of compatibi-
lizers, only dilution effects can be observed (KBO 04),
the PA-6 nanocomposite (KBO 02) shows both inter-
calation and at least partial exfoliation. In the blend
system, this effect appears partially reversed, probably
because of the very high filler concentration inside the
PA-6 particles, as obtained from the morphology im-
ages in Figures 4–6.

Crystallization behavior

Changes in the crystallization behavior can strongly
affect the mechanical performance of any polymer/
mineral hybrid material. This is especially true for
processing-related effects, in which flow-induced
crystallization and the development of superstructures
(skin layers, etc.) play a major role. Such phenomena

Figure 6 Filler dispersion images (TEM micrographs after RuO4 staining) of PP/PA-6 blends with talc (KBO 07, left) and
Nanofil 919 (KBO 06, right).
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have, among others, been investigated for PP/talc com-
pounds32,33 and also for PA-6 nanocomposites.15 In both
cases, the combined effects go beyond the simple nucle-
ation observed in the quiescent state.

Two interactions have to be considered for the crys-
tallization in PP/PA-6 nanocomposites: (1) between
PP and PA-6 and (2) between the polymer and min-
eral. In the first case, two effects have been reported in
the blend literature, namely, a nucleation of the PP
phase, especially in the case of finely dispersed PA-6
particles19,20 and a suppression of the PA-6 crystalli-
zation and a shift to lower Tc’s (together with PP at

�115°C17,18 or in a secondary peak ca. 86°C20). As can
be seen in Table II, only the first effect could be found
in this study. If compound KBO 05 is considered
mainly (no filler), both the melting and crystallization
enthalpies of the PA-6 phase are lower than expected
because of the partial coupling to the compatibilizer
and/or the crystallization under confined conditions
inside the silicate layers and between the particles.

For the second case, most authors report a nucle-
ation of PA-6 by adding nanofillers,14,16 sometimes
together with an increased presence of the � modifi-
cation of the crystalline phase. In our investigation,
this could be found only for the pure PA-6 nanocom-
posite; in the blends containing nanofiller, the sup-
pression of crystallization is actually stronger than in
the pure blend, again in line with earlier results.14 The
weak nucleation of PP by the organoclay, also claimed
in the literature,34 results from a combination effect
with the compatibilizer, as already the presence of
small amounts of PP-g-MAH increases Tc of PP. No
crystallinity reduction was observed for this phase.

Generally, a plot of the melting enthalpy (Hm; PA-6)
over the weight fraction of PA-6 shows all values to be
lower than expected from a mixing rule, whereas in an
analogous plot for PP, most of the enthalpy values are
higher than expected.

Mechanical properties

An overview of the thermomechanical behavior of the
investigated systems can already be gained from DMA
measurements, which have been demonstrated to be

Figure 7 SAXS diagram for Nanofil 15, the respective PP
nanocomposite (KBO 04), and the nanoblend containing
both nanoclay types (KBO 09). l*s � intensity.

Figure 8 SAXS diagram for Nanofil 919, the respective PA-6 nanocomposite (KBO 02), and the nanoblend containing both
nanoclay types (KBO 09). l*s � intensity.
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very useful even for the prediction of standard mechan-
ics with comparatively small sample quantities.35,36 In
Table III, the storage modulus values for both �23 and
�80°C are given to also get an impression of the high-
temperature performance of the materials (for which the
normal heat deflection temperature measurements, e.g.,
HDT ISO 75 B, only give a single-point value). Differ-
ences in the softening behavior between the neat poly-
mers (or blends) and the respective nanocomposites are
obvious in both Figures 9 and 10. In the correlation
between G� (�23°C) and the flexural modulus, however,
the variation of PA-6 and filler content causes a massive

scatter similar to the one reported previously for PP
nanocomposites.35

An interesting effect not found in the respective
blend literature is the disappearance of the second
glass transition of the PA-6 phase at �34°C in the
blends and nanoblends (see Table II). As this is sup-
posed to be a crystalline mobility transition such as
T�,c in PP (50–90°C), the effect can well be linked to
the aforementioned crystallization suppression.

The general overview of standard mechanics in Figure
11 shows the problems of property optimization in the
investigated systems. The addition of nanoclays just like

Figure 9 DMA scan of the thermomechanical behavior of PA-6 [KBO 01; (—) G� and (�) tan �] and the PA-6 nanocomposite
[KBO 02; (- - -) G� and (‚) tan �].

Figure 10 DMA scan of the thermomechanical behavior of the PP/PA-6 blend [KBO 05; (—) G� and (�) tan �] and the
PP/PA-6 nanocomposite [KBO 08; (- - -) G� and (‚) tan �].
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the addition of a comparable amount of a standard min-
eral filler leads to a toughness reduction in all cases,
whereas the modulus increase is strongest in the pure
PA-6 matrix.

CONCLUSIONS

PP/polyamide (PA) blends and their nanocomposites
with layered silicates or talc were prepared to explore
the potential of such nanocomposite blends as new
materials with high mechanical performance. A two-
step melt-compounding process was applied: first, the
nanocomposites, consisting of the clay and polymer,
were processed, and then they were mixed into the
final nanocomposite blend. The melt viscosities of the
polymers and compatibilizers were adjusted to obtain
optimal mixing and phase adhesion. It was shown by
electron microscopy methods that in all cases the in-
organic filler was enriched in the PA phase, and this
resulted in a phase coarsening in comparison with the
nonfilled PP/PA blend. In none of the compositions
could the earlier described labyrinth structure,29 in
which the clay is found mainly at the interface be-
tween the two polymers, be found. As a reason, the
higher affinity of the polar layered silicates (even after
organophilic modification) to the more polar PA phase
than to the apolar PP phase could be discussed. As a
result of this preferential reinforcement of the PA
phase, the mechanical properties of these nanoblends
were only slightly better than those of the pure poly-
mers with respect to the modulus, whereas the impact
property level was below that of the pure polymers,
reflecting the heterogeneity of the nanoblend.
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gations, Liane Häußler (Institut für Polymerforschung) for

the differential scanning calorimetry measurements, Dieter
Jehnichen and Jan Müller (Institut für Polymerforschung)
for the small-angle X-ray scattering investigations, Petra
Pötschke (Institut für Polymerforschung) for the scanning
electron microscopy imaging, and finally Kshama Motha
and Tung Pham (Borealis) for helpful discussions.
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Figure 11 Mechanical profile of all investigated compounds
(the symbols indicate respective base polymers, and the arrows
indicate single filler effects; NIS � notched impact strength,
N15 � Nanofil 15, N919 � Nanofil 919, A7 � Luzenac A7).
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