Macromol. Symp. 2006, 233, 161-169 DOI: 10.1002/mMasy.200650121

Mechanical Properties and Morphology of Melt-mixed
PA6/SWNT Composites: Effect of Reactive Coupling

Arup R. Bhattacharyya, ™ Petra Potschke®

Summary: An interfacial reaction during melt mixing of maleic anhydride copolymer
(SMA) encapsulated single wall carbon nanotubes (SWNT) and polyamide 6 (PA6) was
used in order to disperse SWNT homogeneously and to enhance interfacial adhesion.
The intended reactive coupling between PA6 and SMA was evident from IR spectro-
scopy. Nanocomposites with SMA encapsulated SWNT showed increased elongation
at break as compared to PA6/SWNT composites. SEM investigation of tensile
fractured surfaces of PA6/SWNT+SMA composites indicated enhanced interfacial
adhesion between PA6 and SMA modified SWNT.
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Introduction

Carbon nanotubes (CNT) based polymer
composites have attracted considerable
attention in the scientific and industrial
community due to the possibility to exploit
the unique properties of CNT.[?! Several
studies have been reported to reinforce
polymer matrices where either single wall
carbon nanotubes (SWNT) or multiwall
carbon nanotubes (MWNT) were intro-
duced into the polymer matrices by several
mixing techniques. These include the
utilization of in-situ polymerization, mixing
of polymer solutions or melt mixing to
produce polymer/CNT composites e.g.,
PBO/SWNT, PP/SWNT, PA12/MWNT,
PMMA/SWNT, PS/MWNT, PVA/SWNT,
epoxy/ MWNT  and  PC/MWNT.B2
Though these studies suggest encouraging
results, the magnitude of reinforcement by
CNT as expected from theoretical consid-
eration is found to be limited due to the
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inadequate dispersion/distribution of CNT
in polymer matrices and poor interfacial
adhesion between CNT and polymer
matrix.

Irrespective of the method of composite
preparation, CNT aggregation in polymer
matrices is found in most of the cases. The
reasons for this lie in the strong van der
Waals interactions between the tubes and
the synthesis procedures often resulting in
highly entangled or bundled aggregates. In
context with industrial applications, melt
mixing is the preferred method of compo-
site formation. By appropriate application
of shear during melt mixing CNT agglom-
erates may be reduced in size or disin-
tegrated.['3]

Several studies report about different
routes in order to disperse CNT more
homogeneously and enhance at the same
time the interfacial adhesion between the
polymer matrix and the carbon nanotubes.
These include the use of non-ionic surfac-
tants, the use of amphiphilic molecules such
as palmitic acid and adding functionalized
CNT in CNT/polymer composites.!'* 7]
Poly(n-butyl acrylate) (PBA) encapsulated
MWNT were reported to enhance the
interfacial adhesion between PA6 and
MWNT."! In melt-mixed composites of
PA6 and modified MWNT (purified
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COOH- and OH- functionalized MWNT)
an increase of 115% in elastic modulus and
of 124% in yield strength of PA6 was
reported at 1 wt-% MWNT level™!
whereas at 2 wt.-% MWNT elastic modulus
increased by 214% and yield strength
by162%. (291 1t is also found that modulus
and yield strength increase considerably at
very low loadings (0.2 wt.-%) of functio-
nalized MWNT. However, elongation at
break decreased with increase in functio-
nalized MWNT content.

Recently, we reported a novel approach of
utilizing an interfacial reaction induced uni-
form dispersion of SWNT in PA12 matrix.
This has been achieved by melt-mixing SMA
(styrene maleic anhydride copolymer) encap-
sulated SWNT with PA12 which leads to
better dispersion with enhanced interfacial
adhesion between PA12 and SWNT as
observed by enhanced dynamic mechanical
moduli, improved tensile properties and
changed rheological behaviour of the
PA12/SWNT composites.*!]

The concept of reactive compatibilization
commonly used for multiphase polymer
blends has been extended in this study
towards melt-mixed composites of PA6/
SWNT utilizing the melt interfacial reaction
between the maleic anhydride functionality
of SMA and the amine end groups of PA6
with the aim to overcome the strong inter-
tubes van der Waals interactions. Mechan-
ical properties, morphology, rheology, and
electrical conductivity have been studied.

Experimental Part

Materials and Composite Preparation

The SWNT (Buckypearls) are obtained
from Carbon Nanotechnologies Inc (CNI,
Houston, TX, USA) and were produced by
high-pressure decomposition of carbon
monoxide supported by Fe catalyst (HiPco
process). As reported by the supplier, the
metallic impurity level in this product is 5%
and of the carbon, more than 95% is
SWNT. Polyamide 6 (PA6, Durethan B29)
used in this study was supplied by Bayer
AG (Dormagen, Germany) in pellet form.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

This PAG6 is an intermediate product with-
out any nucleating agent.””’H-NMR indi-
cated nearly equivalence of NH, and
COOH end groups and a degree of
polymerization of about 105. Two different
grades of styrene maleic anhydride co-
polymer (SMA, supplied by NOVA Che-
micals Corporation) were used: Dylark 232
(SMAS) and Dylark 332 (SMA14) where
the MA levels are 8 and 14%, respectively.
The SMA modified SWNT were pre-
pared by dissolving appropriate amount of
SMA in 50 ml tetrahydrofurane (THF)
solvent, utilizing ultrasonicator aided dis-
persion of SWNT for 15 min and subse-
quently making a ‘mat’ by solvent removal.
Unmodified SWNT were treated in the
same way. The unmodified SWNT and the
SMA modified SWNT based PA6 compo-
sites were prepared by melt mixing in a
conical twin-screw extruder (DACA Micro
Compounder) at concentrations of 1.26 and
1.5 wt.-% of SWNT at 230°C with a
rotational speed of 50 rpm for 15 min. In
case of SMA modified SWNT composites,
SMA concentration was varied from 0.24 to
1 wt.-%. For comparison, the mixing
sequence was changed. PA6 was melt
mixed with SMA 14, then in a second
mixing step 1.5 wt.-% SWNT were added to
PA6/SMA mixture so that the SMA
concentration was 1 wt.-% in the final
composite. Prior to mixing all materials
were dried for 24 h at 80°C in a vacuum
oven. From the extruded strands films with
a thickness of 0.35 mm were compression
moulded using a Vogt press at 230 °C.

Characterization

The IR spectra were measured in transmis-
sion mode using melt films with a thickness
of around 15 pm by means of the spectro-
meter IFS66v (BRUKER Optics, Ger-
many). The measurement was done with
a DTGS detector; a resolution of 2 cm™!
and with 32 scans. Before preparing the
melt films all samples were dried at 80°C
under vacuum for 16 h. The melt films were
prepared at 230 °C. The spectra are shown
as the difference spectra of PA6/SWNT,
PA6/SWNT+SMA14, and PA6/SMA14 in
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which the spectrum of the pure PA6
(processed in the same way like the
composites) was subtracted from the mea-
sured spectra of the reactive mixture and
composites.

Melt rheological measurements were
performed using an ARES oscillatory
rheometer (Rheometric Scientific) at
260°C in nitrogen atmosphere. Prior to
measurements, the pure components and
the extruded materials were dried for at
least 1 day at 80 °C. Parallel plate geometry
(plates 25 mm diameter, gap of 1 to 2 mm)
was used. Frequency sweeps were carried
out between 100 and 0.1 rad/s at strains
within the linear viscoelastic range, which
was checked for each sample. The volume
resistivity was measured on compression
moulded thin sheets (diameter 60 mm,
thickness 0.35 mm) prepared from the
strands. A Keithley electrometer model
6517 with a 8009 Resistivity Test Fixture
equipped with ring electrodes was used to
measure volume resistivity of the samples.

Tensile properties were measured on a
Zwick Z010 tensile tester according to ISO
527-2 procedure at an extension rate of
5 mm/min on miniature dogbones (length
20 mm, parallel length 6 mm, gauge width
2 mm) punched from the pressed sheets.

Scanning electron microscopic (SEM)
investigation was performed using FEI
Quanta 200 with sample sputtering on
tensile fractured samples.

Results and Discussion

Interfacial Reaction

In our approach we assume that the SMA
copolymer forms a layer around the carbon
nanotube surface after the solvent treat-
ment. Because of dispersive interactions
between the aromatic groups of the styrene
and the SWNT we expect that the styrene
part of the copolymer is located and fixed at
the SWNT surface. Thus, the maleic
anhydride groups should be available for
the interfacial reaction with the polyamide
end groups forming imide groups. The
anhydride-amine reaction was shown in
literature as one of the most effective
reactions in polymer blend compatibiliza-
tion.[?*! It is very fast and can be accom-
plished within short melt mixing time,
which is the reason for selecting this
reaction for our new approach. Using
infrared spectroscopy we followed the
reaction. Figure 1 shows difference spectra
of different samples. PA6/SMA14 and
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Figure 1.

IR analysis: difference spectra of PA6+SMA14 (SMA14=1 Wt.-%), PA6/SWNT (SWNT=1.5 wt.-%) and PA6/
SWNT+SMA (SWNT =1.5 wt.-%, SMA14 =1 wt.-%) composites, spectrum of pure PA6 is subtracted.
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PA6/SWNT+SMA14 show the bands typi-
cal of the imide group (v(as) at 1770 cm ™
and v(s) at 1701/1704 cm™'). In the
difference spectrum of PA6/SWNT these
bands are absent. Thus, the presence of the
imide groups in the IR difference spectrum
clearly indicate that the intended reaction
between the NH, end groups of the PA6
and the anhydride groups of the SMA took
place during melt mixing of the SMA
encapsulated SWNT with PA6. In addition,
unreacted COOH end groups can be

related to the peak at 1735 cm ™.

DC Electrical Resistivity and Rheological
Characterization

In order to follow the state of nanotube
percolation within the nanocomposites,
electrical resistivity measurements and
melt rheological characterization are suit-
able methods. Even if in HiPco material
only about 33% of the tubes have metallic
character ¥ we can expect that each
bundle will contain enough metallic tubes
to act as conductor in the insulating matrix.
Due to the high aspect ratio, SWNT are
known to form conductive nanocomposites
already at very low loadings. Electrical
measurements can be used as a good
criterion for geometrical percolation, even
if electrical percolation does not perfectly
represent the geometrical percolation,
since small distances in the range of 5-
10 nm within the conducting elements are
still possible to allow electron hopping
(assuming that this mechanism apply to our
system). Interestingly, electrical resistivity
measurements on the composites with
1.26 wt.-% and 1.5 wt.-% SWNT revealed
that in these composites SWNT percolation
could not be reached. We have to assign this
to the insufficient distribution and disper-
sion of the untreated SWNT material
within the PA6 matrix. Electrical volume
resistivity values were measured to be in the
same range like PA6 (E13 Q) cm). However,
in the composites with 1 wt.-% SMA
encapsulated SWNT, electrical resistivity
was obtained in the range of E06Qcm
indicating the existence of a percolating
network of the encapsulated SWNT. Thus,
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we can conclude that the SMA surface layer
was thin enough to allow electron hopping
between the SWNT bundles. On the other
hand, this result shows that the dispersion
of the nanotubes has been improved as
compared to the untreated SWNT and the
actual aspect ratio of the SWNT is
increased by having lower number of tubes
in the bundles. During the THF solvent
treatment step much better homogeneity of
the SMA-SWNT dispersions could be
observed as compared to the SWNT
dispersions indicating an emulsifying effect
of the SMA copolymer. Interestingly, the
composite of SWNT with premixed PA6/
SMA also showed conductivity (resistivity
values in the range E06 () cm) indicating a
better SWNT dispersion as compared to
PA6 with SWNT.

In addition, oscillatory melt rheology
was used in order to check if a percolated
network can be detected in the composites
with encapsulated SWNT. It was shown in
literature that the values of complex
viscosity n* and storage modulus G’ espe-
cially at low frequencies are sensitive to the
formation of nanofiller overstructures. In
some recent papers it was shown that
electrical percolation and rheological per-
colation seem to reveal not exactly the
same phenomena. Rheological percolation
was observed at lower CNT concentrations
than electrical since it reflects some kind of
combined network between the CNT and
the polymer chains.?>?°1 The complex
viscosity and the storage modulus of PA6
and PA6/SWNT composites are plotted as a
function of angular frequency in Figure 2.
Pure extruded PA6 shows Newtonian
behaviour at low frequencies with a zero
shear viscosity of 240 Pa s. SMA14 co-
polymer shows non-Newtonian behaviour
at low frequency in the complex viscosity
versus frequency plot. The addition of
SWNT to PA6 leads to a significant
increase in complex viscosity as compared
to pure PA6. At low frequency, a deviation
from the Newtonian behaviour can be
observed seeing as an increase in viscosity
values by lowering the frequency. Also in
the G’ vs. frequency behaviour especially at
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Figure 2.

Melt rheological behaviour of PA6 and different composites at 260 °C, (a) complex viscosity versus vs. frequency,

(b) storage modulus vs. frequency.

1.5 wt-% SWNT a plateau starts to
develop. The addition of SMA to PA6
leads to much higher viscosity values
indicating the reaction discussed above
which is a bulk reaction in this case. The
zero shear viscosity is about five times that
of PA6. As shown before, the encapsulation
of SWNT by the SMA copolymer enhances
the dispersion of the nanotubes and leads to
an interfacial reaction, therefore these
composites show higher viscosity and
moduli as compared to those without
modifier. Interestingly, the sequence of
mixing plays a role on the melt rheological
properties of the composites. When intro-
ducing SWNT in the PA6/SMA premix-
ture, values of complex viscosity and
storage modulus are lower as compared
to incorporation of encapsulated SWNT
into PA6. We attribute this mainly to the
better dispersion and specific interaction at
the interface between SWNT and PA6
when using encapsulated SWNT in PAG6,
both leading to the increase in viscosity and
modulus. When incorporating SWNT into
the PA6/SMA premixture, the main effect
consists in the higher melt viscosity of the
matrix leading to higher shear forces
favourable for distribution and dispersion
of the SWNT. In addition, we may assume a
lower interfacial tension between PAG6/
SMA and SWNT as compared to PA6
and SWNT.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Tensile Properties

Due to the interfacial reaction shown
before we expect that during tensile
deformation the presence of SMA copoly-
mer facilitates the stress transfer from the
matrix (PA6) to the SWNT, thus leading to
enhanced mechanical properties. In this
system, changes in crystallinity are only
marginal so that differences in the stress-
strain behaviour can be related mainly to
changes in SWNT dispersion and interfacial
adhesion.*”]

Figure 3 shows representative stress-
strain curves of different compositions of
PA6, SWNT and SMA together with pure
PAG6. Itis evident from Figure 3 that all the
samples exhibit a pronounced yield point
followed by cold drawing and strain hard-
ening. When adding 1.5 wt.-% SWNT to
PAG6, an increase in tensile modulus by
15% and stress at yield by 11% occurs,
however, elongation at break is reduced
drastically.[m Simultaneously, also stress
at break is reduced. The stress-strain
behaviour of the PA6 seems to be influen-
ced by the presence of the loose network-
like structure of SWNT (see Figure 5a),
which hinders the cold drawing process
and/or by the existence of agglomerates
acting as defects. In addition to this, the
lack of adequate interfacial adhesion
between PA6 and SWNT may be respon-
sible for lower ultimate tensile strength
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Representative tensile stress-strain curves of different composites.

and lower elongation at break as compared
to pure PAG6.

When adding SWNT encapsulated by
SMAS into PAG6, values of stress at yield
and the stress levels after the yield point are
only slightly higher than those of PAG6.
These stress values are significantly lower
than those of the composite with untreated
SWNT. On the other hand, elongation at
break increases significantly as compared to
the PA6/SWNT composites and therefore
the composites reach higher values of
tensile strength. However, elongation at
break is still lower than that of pure PAG6.
Both composites with SWNT encapsulated
by SMA14 show higher yield stress and
stress levels after the yield point than the
composites with SMAS8 modified SWNT
(but reduced values as compared to PA6/
SWNT). On the other hand, elongations at
break are lower than that of SWNT
encapsulated by SMAS. For both SMA
types, higher SMA loading leads to higher
values of elongation at break. This observa-
tion may be explained by a more efficient
load transfer with increase in SMA con-
centration, which facilitates plastic deform-
ation. The increased tensile modulus and
yield stress with the incorporation of
SMA14 (as compared to SMAS8) may be
related to higher entanglements at the

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

interface, which is a result of a more
pronounced interfacial reaction in the
presence of SMA14.

Morphology of Tensile Fractured Surfaces
Scanning electron micrographs of fractured
surfaces as shown in Figures 4-6 were used
to get information about the kind of
fracture of the nanocomposites, the state
of dispersion of the SWNT, and the
characterization of interfacial adhesion
between SWNT and PA6 matrix.

Low magnification images of PA6 show
the presence of shear bands (Figure 4a),
which is an indication of ductile failure as
reported earlier.”®! In contrast, composites
of PA6/SWNT did not show any sign of
shear bands (Figure 4b, S5a). Extensive
cracks are observed in the entire fracture
surface. At higher magnification, it is
observed that SWNT bundles appeared as
a loose network-like structure along with
aggregated bundles of SWNT (Figure 5a).
No breakage of the tubes could be found,
rather the ‘weave-like bundles’ disen-
tangled during tensile deformation. It
appears from the fractured surfaces that
in case of PA6/SWNT composites, cata-
strophic failure of the matrix leads to
extensive cracks and SWNT could not
participate in the load transfer process
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(a) PA6

(b) PA6+1.5 wt.-% SWNT

(c) PAG+L.5 wt.-% SWNT + 1% SMAS

Figure 4.

Scanning electron micrographs of tensile fractured surfaces showing shear bands in (a) and (c), and catastrophic

failure in (b).

due to the absence of any interfacial
adhesion between PA6 and SWNT.
Composites of SMA modified SWNT
show the presence of shear bands (Figure
4c) in the crack-propagating zone and
highly adhered SWNT in PA6 matrix
(Figure 5b, 6b) in the crack-initiating zone.
A similar kind of morphological feature
was reported in functionalized MWNT
based PA6 composites, where aligned tubes
were found to bridge across the micro-
cracks of crack widths more than 10 wm."?"!
It is evident that the SMA modification
leads to less entangled SWNT bundles in
PAG6 matrix if we compare Figures Sa and
5b. One can even observe the reduction of

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

SWNT bundle diameter in Figure 5b, which
indicates better dispersion of SWNT in
presence of SMA copolymer. Figure 6a
shows that several micron long SWNT
bundles stretch between one part of the
matrix to the other part and were found to
bridge the crack in SMA modified PA6/
SWNT composites. This indicates efficient
load transfer during deformation due to the
enhanced interfacial adhesion. A closer
inspection of fractured surfaces of SMA
modified PA6/SWNT composites confirms
the encapsulation process since a thick
layer around SWNT bundles was found,
which is evident even at lower magnifica-
tion (Figure 6b).
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(a) PAG+1.5 wt.-% SWNT

Figure 5.

(b) PAG+1.26 wt.-% SWNT + 0.24% SMAS

Scanning electron micrographs of tensile fractured surfaces showing better dispersion and interfacial adhesion

between PA6 and SWNT in presence of SMA.

Summary and Conclusions

Styrene maleic anhydride copolymer
(SMA) encapsulated single wall carbon
nanotubes (SWNT) are melt-mixed with
polyamide 6 (PAG6) utilizing the concept of
reactive compatibilization using an inter-
facial reaction between the anhydride
functionality of SMA and the amine end
groups of PA6. The aim was to disperse
SWNT more homogeneously in the matrix
and to enhance the interfacial adhesion
between PA6 and SWNT.

Figure 6.
Scanning electron micrographs of tensile fractured surfaces of PA6+1.5 wt.-% SWNT+1% SMAS8 showing
stretched SWNT bundles in (a) and encapsulated polymer layer around SWNT bundles in (b).

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

SMA was found to act as a reactive
compatibilizer between PA6 and SWNT as
evident from IR spectroscopy. The encap-
sulation of SWNT by SMA copolymer was
shown to enhance the interfacial adhesion
between PA6 and SWNT as observed from
the tensile fractured surfaces of PA6/
SWNT+SMA composites. This observa-
tion is supported by increased values of
elongation at break of the composites with
SMA modified SWNT as compared to
composites with unmodified SWNT. For

(b)
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composites with 1.5 wt.-% SWNT and 1%
SMA also the ultimate tensile strength was
enhanced as compared to composites with
1.5 wt.-% SWNT.

Opverall, it can be concluded that the
SMA encapsulation of SWNT leads to a
partial wrapping of a polymer layer (SMA
and reactively coupled PA6 chains) on the
SWNT bundles, which is evident from
fractured surface morphology. On the other
hand, the composites with encapsulated
SWNT showed conductivity, indicating that
such wrapping does not completely prevent
touching of SWNT within a certain distance
necessary for electron transport. The resis-
tivity values and the rheological results
together with SEM observations indicate
that the SWNT dispersion is much better in
case of encapsulated SWNT. However, the
formation of a SWNT network and the
existence of SWNT agglomerates seem to
influence the typical deformation behav-
iour of the PA6 matrix significantly since
the PA6 is hindered in its typical cold
drawing and strain hardening behaviour.

In summary, the mechanical properties of
these composites are related to a complex
interplay between the extent of encapsulation
and the extent of reaction at the interface
leading to changed interfacial adhesion, the
state of SWNT dispersion, and the state of
percolation of the SWNT in the matrix. More
investigations are needed in order to optimize
the encapsulation process.
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