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Abstract

Nanocomposites containing four different polyamide 12 (PA12) and three multiwalled
carbon nanotubes (MWNTSs) were prepared via small scale melt processing to study the
effect of different MWNTSs and the influence of polymer properties on the dispersion of
the fillers and the electrical properties of the composites. Under the selected mixing
conditions the lowest electrical percolation threshold of 0.7 wt% was found for

Nanocyl™

NC7000 in low viscous PA12. Moreover, big influences of the end group
functionality (acid or amine excess) and the melt viscosity of the matrix were found.
Composites of PA12 with acid excess showed lower percolation thresholds than those
based on amino-terminated materials. At constant end group ratio low viscous matrices
resulted in lower percolation thresholds than high viscous materials. The best MWNT
dispersion was obtained in both high viscous PA12 composites. In these systems the
mixing speed was varied indicating an optimum concerning electrical conductivity at

150 rpm as compared to 50 and 250 rpm.
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1. Introduction

With the implementation of a 200 tons/year plant for Baytubes® [1] and the coming start
up in July 2010 of a 400 tons/year plant for Nanocyl™ NC 7000 [2], the carbon
nanotube (CNT) producers are on their way to the world scale production of CNTSs. In
consequence, prices will drop and more and more potential applications [3-7] using the
outstanding properties of CNTs like high mechanical strength [8] and electrical
conductivity [8, 9] can enter the market.

An enormous increase in number of studies in the field of CNT nanocomposites could
be observed over the last years [10-12], but still some problems like the incomplete
dispersion and distribution of primary CNT agglomerates or the insufficient adhesion
between CNTs and the polymer matrix in nanocomposites have to be solved.

For composites of polyamide 12 (PA12) containing CNTs potential application areas
are e.g. antistatic fuel pipes and parts in fuel pumps for the use in the automotive
industry. Due to economic reasons a low electrical percolation threshold is desired.
The morphology of conductive fillers, like shape (spherical, rodlike, platelike, clustered)
and the resulting aspect ratio, strongly influences their percolation threshold [13-15] in
composites and thus for different kinds of fillers different electrical percolation
threshold are observed [16]. Due to their very high aspect ratios CNTSs are favourable
for achieving low percolation thresholds. For bulk applications, most commercially
available CNT represent multiwalled carbon nanotubes (MWNTS) produced by
chemical vapour deposition where highly entangled MWNT agglomerates are formed.
For the dispersion and distribution of nanotubes in polymer matrixes different
techniques like solution mixing, in situ-polymerisation, the latex-approach, and melt
mixing are applied. High mixing efficiency, working without solvents and short
processing times make melt mixing the method of choice for industrial production of
CNT composites. Hereby the dispersion of the nanotube agglomerates is influenced by
many processing parameters like mixing speed, melt temperature, throughput or
residence time [17-21]. Little attention has been paid to identify differences in the
dispersion and electrical properties of different MWNT materials or the influence of
polymer properties in melt mixed nanocomposites [22-28].

Most of the studies in literature concerning composites of polyamide and MWNTS are
dealing with polyamide 6 (PA6) [18, 29-31] or polyamide 6.6 (PA66) [18]. For PAG6 a

percolation threshold of 1 wt% was reported, whereas those reported for PA6 appeared



to be higher starting at about 2.5 wt% for pressed plates when using Nanocyl ™ NC7000
in small scale melt mixing. For specially synthesized straight MWNTSs having a low
oxygen content on the surface and a high aspect ratio an ultralow percolation of 0.04
wit% could be observed in melt mixed PA6.6 composites as measured on pressed plates
[22]. For PAG, Kodgire et al. [32] reported an electrical percolation threshold of only
0.5 wt% for MWNTSs (Nanocyl, purity >95%, L/D= 10-1000) modified with sodium salt
of 6-amoinohexanoic acid (Na-AHA). In contrast, nonmodified MWNTSs showed a
threshold between 2 — 3 wt% when using small-scale melt mixing and pressed plates.
For PA12, only selected papers dealing with dispersion and/or electrical conductivity
could be found. Ha et al. [33] found resistivity values lower than 10" Ohm-cm on
pressed plates starting at 3 wt% MWNTs (Nanocyl™ NC7000) addition in PA12
(Vestamid L1600 nf). The same value was reported by Bhattacharyya et al. [34, 35] for
nonmodified single-walled carbon nanotubes (SWNTSs, Nanoledge) when using a PA12
with equivalence of acid and amine end groups and a MFI of 154g/10 min (275°C, 5kg).
After encapsulating the nanotubes using styrene-maleic-anhydride in order to create a
reactive coupling to the matrix much better dispersion was found, however the
composites were non conductive due to a bonded polymer layer around the nanotubes.
As other polyamides, PA12 can be synthesized with different ratios of the end groups,
namely amine or acid, which influence different properties, like mechanical. The
selection of the end group ratio depends on the application and the additives in
formulations; however, most of the industrial types are acid group terminated. In
literature, most of the papers do not name the end group ratio. Thus, a comparison of
different results may be difficult, if the end group termination plays a role on dispersion
and conductivity. To our knowledge, no comparative study exists concerning dispersion
and electrical properties of composites based on different end group terminated PA12.
In this work, composites of different PA12 with diverse commercially available
MWNTSs were investigated to study the effect of the nanotube material as well as
polymer matrix properties (especially end group functionalities and viscosity) on
nanotubes macrodispersion and electrical properties. For these purpose PA12 types with

preferential functionalities in two viscosity levels were used.

2. Experimental
2.1 Materials



Four different types of PA12 were supplied by Evonik Degussa GmbH (Marl,
Germany). Among these types were two acid groups terminated and two amine group
terminated PA12 with low or high viscosity. The materials are summarized in Table 1,
showing also the end group contents as obtained by titration and melt viscosities at
processing temperatures as studied using an ARES oscillatory rheometer (Rheometric
Scientific Inc., Piscataway, NJ, USA) with parallel plate geometry in nitrogen
atmosphere.

The following multiwalled carbon nanotubes (MWNT) were employed: Baytubes®
C150P (Bayer MaterialScience AG, Leverkusen, Germany), Nanocyl™ NC7000
(Nanocyl S.A., Sambreville, Belgium), and FutureCarbon CNT-MW-K (FutureCarbon
GmbH, Bayreuth, Germany). For comparison, Printex® XE2 (Evonik Degussa GmbH,
Marl, Germany) was used as Carbon Black (CB). This CB has a BET-surface area of
910 m%/g [36]. The properties of the MWNT materials and CB as given in the
corresponding data sheets are shown in Table 2.

Octadecylamine (purity > 90%) was supplied by Fluka (Fluka Chemie GmbH, Buchs,

Switzerland) and was used without further purifications.

2.2 Processing

Melt mixing of the granular polymer (dried overnight at 80°C) and the powdery MWNT
(dried overnight at 120°C) was done in a DACA microcompounder (DACA
Instruments, Santa Barbara, USA; inner volume: 4.5 ccm). Polymer and CNTs were
alternatively added to the microcompounder (at least 3 portions). Melt mixing was
performed at 210°C with a mixing speed of 250 rpm for 5 min (low viscous PA12). In
high viscous systems, a mixing temperature of 260°C was used to enable processability.
The relatively high mixing speed was selected as in [17, 18] better dispersion was
achieved at higher mixing speed; the mixing time was set considering the maximum
mixing time achievable in industrial twin-screw extrusion. These mixing conditions do
not represent optimized condition which may be different for diverse nanotube
materials.

For some experiments, octadecylamine was used to prevent a cross-linking of PA12 and
utilised in excess to the amine groups of the PA12. It was dispensed in the
microcompounder at the end of the filling process.

The extruded strands were cut into pieces of some millimetres and compression

moulded into plates (30 mm diameter, 0.5 mm thickness) using a Weber hot press



(Model PW 40 EH, Paul Otto Weber GmbH, Remshalden, Germany). Compression
moulding was performed following the procedure given in [17] with a pressing
temperature of 220°C for low viscous PA12 composites, and 260°C for high viscous
PA12. The pressing speed was 6 mm/min with a pressing time of 1 min and the pressing

force was increased in steps up to 100 kN.

2.3 Characterization
The electrical volume resistivity was measured using a Keithley Electrometer 6517A
(Keithley Instruments Inc., Cleveland, USA) combined with an 8009 Resistivity Test
Fixture for samples with a volume resistivity > 10" Ohm cm (unfilled symbols in the
graphs). An intermediate isolation film (thickness < 0.5 mm) with a hole of 30 mm in
diameter was used to reduce the measuring area of the Test Fixture and the measured
values were corrected accordingly. For volume resistivity values lower than
10" Ohm cm (filled symbols in the graphs), a 4-point test fixture (gold contact wires
with a distance of 16 mm between the source electrodes and 10 mm between the
measuring electrodes) combined with the Keithley Electrometer 6517A was applied on
strips (30 x 3 x 0.5 mm®) cut from the pressed plates. For discussion, resistivity values
were converted into electrical conductivity values. At least four values were measured
for each sample and the standard deviation is given as error bars in the figures.
If possible, the electrical percolation thresholds (pc) were fitted using the power law
function for the composite conductivity near the electrical percolation threshold [37]:
o(p)=B(p-p,)' oy
with the experimental conductivity value o(p) for concentrations p > p. , the
proportionality constant B, the electrical percolation threshold p. and the critical
exponent t, using the method of mean square error minimisation.
The state of CNT macrodispersion in the composites was studied using light
transmission microscopy analysing remaining primary agglomerates with sizes > 5 um.
Thin sections of 5 um thickness were prepared in perpendicular direction to the
extruded strands using a Leica RM 2155 microtome (Leica Microsystems GmbH,
Wetzlar, Germany). The samples were characterized with a microscope BH2 in
transmission mode combined with a camera DP71 (Olympus Deutschland GmbH,
Hamburg, Germany). The ratio A/Ao was determined from the light micrographs by
calculating the ratio of the area A of remaining agglomerates to the total area of the

micrograph Ao (~ 0.6 mm?) using the software ImageJ Version 1.43g. For



quantification, at least 7 cuts were investigated for each sample, and the standard
deviation between the seven cuts is mentioned. In addition, the number of agglomerates
per mm? was evaluated.

Scanning electron microscopy (SEM) was performed on the as delivered CNT materials
and selected composites using an Ultra Plus Field Emission Gun Scanning Electron
Microscope (FEG-SEM, Carl-Zeiss AG, Oberkochen, Germany). Surfaces of pressed
plates of the composites were analysed using the charge contrast imaging (CCI) mode
using an InLens-detector which clearly shows the electrical conductive filler network of
the sample. The neat CNT materials were discarded on a double-sided adhesive copper
tape and monitored using a SE2-Detector.

3. Results and discussion

3.1 The influence of CNT material

SEM images of the different pristine MWNT powders are shown in Figure 1. For
FutureCarbon CNT-MW-K and Baytubes® C150P a bird nest structure was found,
whereas a combed yarn structure was observed for Nanocyl™ NC7000. Especially the
agglomerate structure of the Baytubes® C150P appears to be very compact. When
comparing the dispersability of different nanotubes in aqueous surfactant solutions,
Krause et al. [38] reported a worse behaviour and higher agglomerates strength for
Baytubes® C150 in comparison to Nanocyl™ NC7000 and FutureCarbon CNT-MW-K
which may be also related to the much higher bulk density (see Table 2) and the
resulting higher packing density within the primary agglomerates.

The effect of the nanotube materials was investigated using low viscous PA12 with acid
group excess. Figure 2 shows the electrical percolation behaviour for the three carbon
nanotubes and carbon black, in which the lines represent the percolation curves fitted
according to equation (1). Electrical percolation was found at lower filler contents for
the investigated MWNT in comparison to the CB due to their higher aspect ratio. In
addition, huge differences were found in the electrical percolation thresholds of the
investigated CNTS which varied between 0.7 wt% for Nanocyl™ NC7000, 1.3 wt% for
FutureCarbon CNT-MW-K, and 2.1 wt% for Baytubes® C150P. The electrical
percolation threshold of PA12 composites containing Printex® XE2 was determined at a
filler content of 4.3 wt%. The highest electrical conductivity value at loadings of 5 wt%
filler was found for Nanocyl™ NC7000.



The macrodispersion of the remaining MWNT agglomerates was investigated for
composites containing 2 wt% filler and is shown exemplarily in light micrographs in
Figure 3. The lowest area ratio A/A, of remaining agglomerates was found with

0.3 % + 0.1 for the FutureCarbon CNT-MW-K. In addition this sample showed only
17 particles/mm?. In case of Nanocyl™ NC7000, the average area ratio of the remaining
agglomerates was measured to be 1.3 % + 0.6 and 24 particles/mm? were found. The
agglomerates showed a broad agglomerate size distribution. For Baytubes® C150P
samples, the area ratio of remaining agglomerates was 1.3% =+ 0.4. This sample
indicated the biggest remaining agglomerates of all investigated ones with sizes up to
nearly 100 pm and with 31 particles/mm? the highest number of agglomerates.

The results indicate the best state of macrodispersion among the MWNT investigated
for FutureCarbon CNT-MW-K. Obviously the nanotube materials show different
dispersability in the melt as it was shown previously for their dispersability in aqueous
surfactant dispersions and can be assigned to the different agglomerate structure as
discussed before. It may be assumed that the melt infiltration process of polymer chains
into agglomerates leading to reduced agglomerate strength is more difficult in the case
of Baytubes® C150 as compared to the more loosely packed agglomerates of Nanocyl™
NC7000 and FutureCarbon CNT-MW-K.

However, although in the case of FutureCarbon CNT the dispersion of primary
agglomerates was quite good these composites did not show the lowest electrical
percolation threshold. Generally, at low amount of remaining primary agglomerates
more individualized nanotubes are available for the formation of the conductive
network. However, the results indicate that not only the state of macrodispersion is
responsible for high electrical conductivity, but also dispersion and nanotube
arrangement in micro- and nanoscale not assessed by light microscopy. In addition,
different length of the initial and possibly shortened nanotubes after processing may
lead to different aspect ratios which also influence both; the dispersability and the
electrical percolation threshold. Hereby thicker and shorter nanotubes can be dispersed
more easily [25, 39] but result on the other hand in higher percolation thresholds.

To visualize the dispersion structure and conductive network of nanotubes in the
composites containing 2 wt% MWNT, the samples were analysed by charge contrast
imaging (Figure 4). In this mode only those CNTSs near the surface can be seen which
are part of a conductive network. The SEM-CCI images of NC7000 (Fig. 4A) indicate

that a homogeneous distribution of nanotubes in the composite was achieved which



leads to the formation of many percolation pathways in the matrix. This finding is in
accordance with the electrical conductivity values of 3.4 E-5 S/cm for the 2 wt%
NC7000 sample which is the highest for the investigated MWNT materials. In samples
containing 2 wt% FutureCarbon MW-K (Fig. 4B) a cluster percolation of MWNT
agglomerates can be observed. Here, the MWNT form small agglomerates in the size
range of a few micrometers that are quite uniformly dispersed in the matrix which led to
lower conductivity values than for the NC7000 sample. For the nonconductive
composite containing 2 wt% Baytubes, the formation of a percolation network was not
detected. On selected locations, only some CNT agglomerates can be seen on the
surface of the pressed sample (Fig. 4C).

In comparison to the CNT composites those with CB Printex® XE2 exhibited the best
macrodispersion as observed by light microscopy. The A/A, index was measured to be
0.2 % and only very few particles larger than 15 pm (0.2 particles/mm?) were observed.
Whereas CNTs tend to form entangled agglomerates based on high van der Waals
forces, CB agglomerate structures seem to need much lower shear forces to their
dispersion and distribution in the polymer melt. On the other hand, because of their
more spherical morphology, much higher filler content is needed to form an electrically

conductive network as it was observed in the experiments.

3.2 The influence of matrix properties

For the investigation of the influence of matrix properties like viscosity and end group
functionalisation on the electrical percolation behaviour and the state of the dispersion
in the matrix, PA12 composites containing Baytubes® C150P were chosen. Firstly, the
complex viscosity was measured for the four neat types of PA12 at the respective
processing temperatures (Figure 5, see Table 1). The low viscous PA12 types showed at
210°C nearly frequency independent complex viscosity values of 150 Pa s (acid excess)
and 115 Pa s (amine excess). The complex viscosity measured at 260°C and 0.1 rad/s
for high viscous PA12 with amine excess (14,950 Pa s) was higher than for the PA12
with acid excess (5,630 Pa s). However, in the high frequency range (100 rad/s)
comparable viscosity levels for acid and amine group terminated PA12 at the processing
temperatures were found.

The electrical percolation behaviour of the different samples is shown in Figure 6. The
lowest electrical percolation threshold was observed with 2.1 wt% for the composites

with low viscous PA12 and acid group termination. The composites with amine excess



and low viscosity showed a significantly higher electrical percolation threshold of

3.7 wt%. This implies a big influence of the end group termination in low viscous PA12
composites regarding to the electrical percolation behaviour.

An influence of the end group termination was also observed for the high viscous
system. The percolation threshold was found at 3.6 wt% for acid excess, whereas for
amine excess no clear percolation transition could be found. Enhanced conductivity is
reached at 4 wt%. However, the addition of higher CNT amounts was not possible due
to torque limitation of the DACA microcompounder in the investigated concentration
range.

The influences of the end group functionality and the viscosity of the matrix in PA12
composites containing 2 wt% Baytubes® C150P on the macrodispersion is shown in the
micrographs of Figure 7. The highest area ratio of remaining agglomerates was found
with 2.5 % + 0.9 for the low viscous amino-terminated PA12 composites. For this type
the highest number of particles (69 particlessmm?) and large particle sizes up to 85 um
were observed. Somewhat better dispersion was observed using low viscous acid-
terminated PA12 with an area ratio of remaining agglomerates of 1.3% + 0.4 and 31
particless/mm?. The best dispersion was obtained for the composites based on high
viscous PA12 matrices, even if here the electrical percolation thresholds were the
highest. Here, no differences in the amount of remaining agglomerates between samples
containing PA12 with acid or amine excess were found: the A/A, ratio was only

0.3% + 0.2 and no remaining agglomerates larger than 50 pum were observed in the
samples. In case of acid terminated PA12 composites 15 particles/mm? were found and
22 particlessmm? were observed for amine excess whereas these particles were very
small.

When comparing the composites based on low and high viscous PA12 matrix, the
torque values and consequently the shear forces during melt mixing of the high viscous
PA12 types were much higher, even if the melt temperature were selected differently.
Next to better dispersion especially due to the agglomerate rupture process [40] this
could promote damaging or shortening of the nanotubes during the processing which
inevitably leads to a decrease of the aspect ratio [41, 42]. A decline of the aspect ratio
could be a reason for the rather high electrical percolation thresholds in the composites
based on high viscous PA12.

Comparing the effects of acid and amine termination, big differences in dispersion and

electrical percolation were observed despite comparable PA12 melt viscosities and



applied shear forces. Interestingly, during mixing of both amine terminated matrices an
increase in torque was observed as well without as with nanotubes. This indicates
changes in the polymer structure during mixing which may be assigned to a shear stress
induced cross-linking as discussed in [18] for PA6. By a reaction of two amino end
groups, a secondary amine can be formed under elimination of ammonia. The secondary
amine is able to react with an acid end group of a PA12 chain, which could lead to a
branching at the N, N -disubstituted amide group. This behaviour has already been
described for PA6.6 [43]. This assumption could explain the hindering of nanotube
network formation in amine excess composites. In addition, a certain extent of reaction
of the amine end groups with oxygen functionalities present on the surface of Baytubes
C150P [44] (or nondispersed agglomerates) may not be excluded which would not
happen in that extent in case of acid terminated nanotubes.

A possible way to reduce the branching of the PA12 chains is to promote the faster
reaction of an amine (here of octadecylamine) with a PA12 amine end group, which
reduces the chances for the reaction of two PA12 amine end groups. For this purpose,
octadecylamine was added to the low viscous amine terminated PA12 and MWNT at
the end of the filling process into the microcompounder. By that, the increase of torque
during melt mixing was nearly completely suppressed. Therefore, it can be concluded
that the assumed reaction of two PA12 chains terminated with amine groups and the
following cross-linking could be significantly reduced. Adding octadecylamine to low
viscous PA12 with 2 wt% Baytubes® C150P resulted in better macrodispersion as
indicated by a decrease in A/Aq.from 2.4 % + 0.9 (69 particlessmm?) without
octadecylamine to 1.4 % + 0.5 (37 particless/mm?). This result is quite similar to the
value of 1.3 % + 0.4 for composites based on low viscous PA12 with acid excess, where

cross-linking during melt mixing was not observed.

3.3 The influence of mixing speed

Although the dispersion in high viscous PA12 composites containing Baytubes® C150P
was quite good and only small remaining agglomerates were found, the electrical
percolation thresholds were very high. As it was described by different authors that the
processing conditions in small-scale melt mixing can influence the electrical percolation
threshold [17, 18], for high viscous PA12 variations in the mixing speeds were
performed (Figure 8). Next to the already investigated mixing speed of 250 rpm also

lower mixing speeds (50 rpm, 150 rpm) were applied. For amine as well as acid group
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terminated high viscous PA12 composites containing Baytubes® the highest
conductivity values at MWNT contents of 3 and 4 wt% were found using a mixing
speed of 150 rpm (see Figure 10A and B). As compared to 250 rpm at lower mixing
speeds percolation is shifted to lower values in case of acid terminated PA12. Whereas
at 250 rpm the percolation threshold was fitted to be at 3.7 wt%, percolation is already
achieved at 3 wt% when using 50 or 150 rpm. For amine terminated PA12 no such clear
percolation curves could be obtained as due to the torque limit of the mixer the highest
possible filling level was 5 wt% which is still within the percolation range (see Figure
10B). However, at 4 and 5 wt% MWNT loading mixing at 50 rpm led to the lowest
conductivity values, whereas for 150 and 250 rpm percolation is already reached at

4 wt%.

The results indicate an optimum of mixing speed at 150 rpm concerning the electrical
percolation threshold. It seems that at the low speed of 50 rpm the macrodispersion is
worse as bigger and more numerous agglomerates leading to a higher area ratio were
found for both high viscous PA12 (results for acid excess see Figure 9). At the high
speed of 250 rpm the macrodispersion is quite good, however due to the much higher
shear forces a more pronounced breaking of nanotubes may be assumed, leading to a
decrease in the effective aspect ratio.

Summary and Conclusion

In this study the influence of different MWNT materials as well as matrix properties of
PA12 like end group termination and melt viscosity on the electrical percolation
threshold and state of CNT dispersion in composites melt mixed in a small scale
microcompounder were investigated.

The different investigated MWNTSs showed huge differences considering their electrical
percolation thresholds as analysed using low viscous PA12 with acid excess. For
composites containing Nanocyl ™ NC7000, the lowest electrical percolation threshold
(0.7 wt%) was found as well as the highest conductivity value for high MWCNT
contents (2.8E-03 S/cm at 5 wt%). As the morphological features like length, diameter
and purity of the nanotubes were similar, it can be assumed that a more complete
individualization of the primary agglomerates into single nanotubes in combination with
a faster formation of a conductive network of these nanotubes was achieved in
comparison to the Future Carbon MW-K-T and Baytubes® C150P nanotubes. As shown

in SEM images, already the structure of the primary agglomerates of the starting
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nanotube materials which had to be dispersed in the melt mixing process were quite
different.

A significant influence of the PA12 end group functionality on the dispersion of CNTs
and the electrical behaviour of the composites was observed as investigated using
Baytubes® C150P. Here, the best dispersion and electrical properties (percolation
threshold at 2.1 wt%) were found for composites based on PA12 with acid group
termination in comparison to the other investigated types of PA12. For PA12 with
amine group excess, the reaction between two of these groups and a following cross-
linking under the formation of a N, N’-disubstituted amide group was supposed, which
can hinder the nanotube dispersion and explains the high percolation threshold of

4.3 wt%. The results clearly indicate that the end group ratio has to be considered when
discussing dispersion and electrical properties of PA12 based CNT composites. For
achieving low electrical percolation, low viscous acid based formulations seem to be
favourable.

Concerning the influence of mixing speed on electrical percolation, an optimum was
found at 150 rpm as compared to 50 and 250 rpm as investigated on high viscous PA12
with Baytubes® C150P. For polyamide containing acid termination a clear lowering of
percolation concentration by nearly 1 wt% was observed when comparing 150 rpm
versus 250 rpm whereas for amine terminated PA12 higher conductivity values were
obtained. This implies that a balance between achieving suitable dispersion and
retaining the high aspect ratio of nanotubes is important for achieving low electrical

percolation thresholds.
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Table 1 Characteristics of the PA12 types (end group contents and melt viscosity)

PA12 type [COOH] content [NH_] content leta*I at 100 rad/s
[mmol/kg] [mmol/kg] [Pa-S (Tmeir)]

low viscous, acid excess 104 4.2 140 (210°C)

low viscous, amine excess 26 126 100 (210°C)

high viscous, acid excess 42 0.47 1240 (260°C)

high viscous, amine excess 3 56 1140 (260°C)

Table 2. Properties of the used CNT according to the supplier [45-47].

Diameter Length Carbon purity  Bulk density

[nm] [um] [%] [kg/m’]
Baytubes® C150P  13-16 1->10 > 95 120170
Nanocyl ™ NC7000 9.5 (average) 1.5 (average) > 90 66*
FutureCarbon MW-K 15 - 90 28*
Printex® XE2 30-35 n.a. > 99 100 - 400

* according to ref. [38]
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Figure captions

Figure 1. Scanning electron microscopy images of pristine MWNT powder at two
magnifications: (A) Nanocyl™ NC7000, (B) Baytubes® C150P, (C) FutureCarbon
CNT-MW-K

Figure 2. Electrical volume conductivity of polyamide 12 composites containing
different MWNT and CB

Figure 3. Light microscopy images of composites based on low viscous PA12 (acid
excess) with 2 wt% filler content, A) Nanocyl™ NC7000, B) Future Carbon CNT-MW-
K, C) Baytubes® C150 P, D) Printex® XE2

Figure 4. Scanning electron microscopy-charge contrast imaging micrographs of
composites containing 2 wt% MWNT in low viscous PA12 with acid excess. A)
Nanocyl™ NC7000, B) FutureCarbon CNT-MW-K, C) Baytubes® C150P

Figure 5. Complex melt viscosity |eta*| of different neat PA12 types in dependence on
frequency at their processing temperatures

Figure 6. Electrical volume conductivity of different polyamide 12 composites
containing Baytubes® C150P

Figure 7. Light microscopy images of PA12 containing 2 wt% Baytubes® C150P: A)
low viscosity, acid excess, B) low viscosity, amine excess, C ) high viscosity, acid
excess, D) high viscosity, amine excess

Figure 8. Electrical volume conductivity of high viscous polyamide 12 composites
containing Baytubes® C150P at different mixing speed: A) acid excess, B) amine excess
Figure 9. Light microscopy images of high viscous PA12 (acid excess) containing

2 wt% Baytubes® C150P prepared at different mixing speeds
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