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ABSTRACT: The objectives of this work are to quantify the degree of multiwalled
carbon nanotube (MWCNT) length reduction upon melt compounding and to
demonstrate unambiguously that the length reduction is mainly responsible for the
increase in electrical percolation threshold of the resulting composites. Polyolefin
matrices of varying viscosities and different functional groups are melt compounded
with MWCNTs. A simple method is developed to solubilize the polymer matrix and
isolate the MWCNTs, enabling detailed imaging analysis. In spite of the perceived
strength of the MWCNTs, the results demonstrate that the shear forces developed
during melt mixing are sufficient to cause significant nanotube breakage and length
reduction. Breakage is promoted when higher MWCNT contents are used, due to
increased probability of particle collisions. Furthermore, the higher shear forces
transmitted to the nanotubes in the presence of higher matrix viscosities and
functional groups that promote interfacial interactions, shift the nanotube
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distribution toward smaller sizes. The length reduction of the MWCNTSs causes significant increases in the percolation
threshold, due to the loss of interconnectivity, which results in fewer conductive pathways. These findings are validated by
comparing the experimental percolation threshold values with those predicted by the improved interparticle distance theoretical

model.
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1. INTRODUCTION

The production of polymer/carbon nanotube (CNT) compo-
sites by melt compounding has attracted significant attention
because it is considered an industrially and economically
feasible method.'> However, the large variability on the
reported properties of polymer/CNT composites has been a
limiting factor for the universal predictability of their
performance and will continue to hamper industrial develop-
ment. As pointed out recently by Verge et al.* factors such as
the nature and molecular weight of the polymer matrix, the
properties of the CNTs, the presence of surface defects, and the
melt processing parameters, all dictate the dispersion of the
nanotubes, the percolation thresholds, and the final properties
of the composites.

CNT dispersion is influenced by the processing conditions,
the viscosity of the matrix, and the affinity between the polymer
and the filler ™ Higher viscosities, compatibilization, and
more intense mixing conditions lead to more efficient primary
agglomerate breakup and dispersion due to improved stress
transfer to the nanotube aggregates during compounding. The
dispersion state, in turn, has a profound effect on the electrical
percolation threshold. Generally, low percolation thresholds are
achieved when sample-spanning conductive pathways are
established within the polymer matrix. It has been shown that
this is achieved when aggregates interconnected with
individually dispersed nanotubes are present, whereas the
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absence of a continuous network in well dispersed systems
results in higher percolation thresholds.>'*"

The electrical and thermal conductivity of polymer/CNT
composites are strongly dominated by the aspect ratio of the
nanotubes.'* "> Shorter lengths result in fewer entanglements
and, consequently, a reduction in the size of aggregates.'*'®
Furthermore, it has been demonstrated that carbon nanotubes
are subject to breakage during melt compounding”'>*"** when
intense mixing conditions and high viscosity matrices are used.
It has been speculated that length reduction of the CNT could
be a major factor behind the improved dispersion and higher
electrical percolation thresholds.

We have recently shown that increased viscosity and
noncovalent compatibilization resulted in improved filler
dispersion and higher percolation thresholds in linear-low
density polyethylene (LLDPE)/multiwalled carbon nanotube
(MWCNT) composites.” However, it is also plausible that
MWCNT breakage could be a major factor behind the
improved dispersion and higher electrical percolation thresh-
olds observed. The aim of this study is to clearly address this
hypothesis by quantifying the length reduction under well-
controlled conditions and to establish correlations with the
observed percolation thresholds of the composites. The present
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study involves polyolefins, which are among the most
commonly used polymer matrices in industrial applications.

2. EXPERIMENTAL SECTION

2.1. Materials and Compounding. Multiwalled carbon nano-
tubes (MWCNTSs, purity >95%, diameter 30 + 15 nm, and length 1-5
um) were purchased from Nanolab, Inc. (Waltham, MA) and used as
received. The specific surface area (SSA) of the nanotubes was 300
m?/g, as determined by Brunauer—Emmett—Teller (BET) character-
ization. Engage 8100 and 8130 (named hereafter EOCH and EOCL,
respectively), which are poly(ethylene-co-octene) copolymers, having
MFI of 1.0 g/10 min and 13.0 g/10 min (190 °C/2.16 kg),
respectively, with a comonomer content of 38 wt % for EOCH and 42
wt % for EOCL, were obtained from Dow Chemical (Midland, MI).
Fusabond E439 (MA), a maleic anhydride grafted LLDPE containing
0.5—1.0 wt % grafts and having a MFI of 2.7 g/10 min (190 °C/2.16
kg), was supplied from EI DuPont Canada. LLDPE-graft-amino-
methylpyridine (PY) was synthesized in a Haake Rheomix E3000 by
reacting MA with a molar excess (compared to maleic anhydride
grafts) of 4-aminomethylpyridine at 190 °C, as explained in detail by
Vasileiou et al.® 4-Aminomethylpyridine (AMP, 98% purity) was
supplied from Aldrich. All materials and solvents were of analytical
grade and were used without further purification.

MWCNTSs were melt compounded with MA and PY using a DSM
Research S mL Micro-Compounder (DSM Resolve, Geleen, Nether-
lands), at a temperature of 190 °C (60 rpm, 10 min).*> The EOCH and
EOCL composites were prepared at 150 °C (90 rpm, 10 min).*** The
detailed preparation and characterization procedures have been
reported earlier.>®* The filler concentration (wt %) of each
composite is denoted by the number following the matrix polymer
matrix (e.g, for EOCLI for the EOCL matrix containing 1 wt %
MWCNTs). The zero shear viscosities of all the matrices, determined
from oscillatory shear tests using a controlled stress rheometer
(Viscotech by Reologica) and extrapolated to zero shear, are
summarized in Table 1.

Table 1. Zero Shear Viscosities of the Polymer Matrices and
Electrical Percolation Threshold Concentrations of Studied
Samples

percolation percolation
threshold threshold
sample  zero shear viscosity” (Pa-s) (vol 9%)>%2 (wt %)
EOCL 1100 0.5 1.0
EOCH 14300 1.4 2.6
MA 11100 1.8 32
PY 8800 5.0 8.6

“At 180 °C for EOCs and 190 °C for LLDPEs.

The volume resistivity of the samples was determined by a Keithley
6517B Electrometer/ Hi%h Resistance Meter and an Agilent 34401A 6
1/2 Digit multimeter.>®*® Percolation thresholds were determined by
fitting the conductivity data, using the following power law relations

above and below the critical concentration for percolation®®*?
2-¢)
Uzo-matrix— !¢<goc
% (1a)
t
Y-
o'=m( ]zm(ga—(pc)t,qo>goc
- (1b)

where ¢ is the electrical conductivity of the composite, 6, is the
conductivity of the matrix, ¢ is volume fraction of the filler, ¢, is
critical volume fraction at percolation, s and t are the critical exponents
below and above percolation, respectively, and m is a constant.

2.2. Determination of MWCNT Length Distribution. To
isolate MWCNTSs from the polymer matrix, the composites were first
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dissolved in xylene at 110 °C. The solution was filtered dropwise
through a nylon membrane with a pore size of 0.1 ym (Sterlitech
Corporation, Kent, WA) also at 110 °C to avoid the precipitation of
the polymer that could cause filter blockage and/or polymeric residue
onto the nanotubes inhibiting transmission electron microscope
(TEM) observations. The residue was then washed with copious
amounts of hot xylene (110 °C) to ensure complete removal of the
polymer. Subsequently, the nanotubes were redispersed in chloroform,
which was found to be a suitable solvent for MWCNTs, following a
similar methodology as Krause et al.” Dispersion was accomplished by
immersing the filter in the solvent, with the synchronous application of
stirring with a magnetic stirrer and short treatment in an ultra-
sonication bath for 3 min (Aquasonic S0D, VWR International) to
avoid excessive shortening of the MWCNT.**

TEM imaging of the as-received and isolated MWCNT's was carried
out using a Philips CM 20 electron microscope at an operating voltage
of 200 keV. A drop of MWCNTs dispersion in chloroform (0.01 g
MWCNTs/L), was placed on a TEM carbon-coated 300 mesh copper
grid and dried at ambient temperature prior to analysis. The length of
300 individual MWCNT's was measured using the Image] 1.43u image
processing program (Wayne Rasband, National Institutes of Health,
New York). The full length of each separated nanotube was accounted
for, while nanotubes at the edge of the image were excluded. Images
were stitched together and were applicable for measuring the length of
very long nanotubes. The results are presented as number distributions
with class sizes of 200 nm. Length distribution values were quantified
by calculating the typical distribution parameters X;o, Xso, and Xg,
corresponding to the value where 10, 50, and 90%, respectively, of the
nanotubes are smaller.

3. RESULTS

3.1. Method Development. The determination of the
length of MWCNTSs that are already dispersed within a
polymer matrix by conventional imaging is not a trivial matter.
Recently, Krause et al. proposed a relatively simple and accurate
method to properly determine the length distribution of carbon
nanotubes before and after processing.” It involves solubiliza-
tion of the polymer matrix and length distribution analysis from
transmission electron microscopy images of the deposited
extracted nanotubes. However, this method can only be used
reliably in amorphous or low- crystallinity polymers that are
readily soluble in chloroform. In the case of polyolefins used in
this work, modifications on this method were required. In
addition to utilizing hot xylene, which is a suitable solvent for
polyolefins, an additional filtration stage was included after the
initial solubilization of the composite, followed by redispersion
of the isolated nanotubes in chloroform. This allowed for good
individualization of the nanotubes and enabled measurements
of the length distributions from image analysis of the resulting
TEMs. A representative TEM image is shown in Figure la. In
the absence of this step, aggregated polymer/MWCNT
structures were obtained, as shown in Figure 1b, from which
it was impossible to discern the dispersed MWCNTs.

3.2. Effect of Concentration. Figure 2 shows an example
of the images obtained for the as-received MWCNTSs before
melt compounding and the corresponding length distributions.
The detailed length distributions for all samples before and
after melt processing are summarized in Table 2.

Figure 3 and Table 2 clearly show a progressive reduction of
the length of the MWCNTSs upon compounding of 1.0 and 3.0
wt % MWCNTSs with the EOC matrix. As expected, the effect
was more pronounced as the CNT content increased. At higher
concentrations, there is a higher probability that the MWCNTSs
will come in contact with each other during compounding, thus
increasing the incidence of breakage. At the lower concen-
tration of 1.0 wt % the nanotubes retained 75% of their initial
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Figure 1. Representative TEM image obtained with (a) modified and
(b) established” methods for EOCL3.

length, considering X, values, whereas increasing the
concentration to 3.0 wt % the retention length was 46%.
Furthermore, the significant reduction of the X,, value during
compounding revealed that breakage led to a higher
concentration of very short MWCNTs.

3.3. Effect of Matrix Viscosity. The effect of matrix
viscosity on the size distribution of the nanotubes is depicted in
Figure 4 and Table 2. The zero shear viscosities of the two
EOCs, with high and low viscosities (EOCH and EOCL) are
presented in Table 1. A higher matrix viscosity is expected to
produce higher shear stresses and mixing energy inputs during
compounding, thereby promoting MWCNT dispersion, but
also causing breakage. The most severe differences were found
in the proportion of long nanotubes, whereas the shorter
lengths were not affected significantly by the variation of matrix
viscosity. Specifically, the Xy, values decreased by a further 36%
just by the increased melt viscosity. Breakage of the longer
MWCNTs resulted in fewer entanglements and, thus, a
reduced probability of contacts necessary for electrical
conductivity, resulting in significantly higher percolation
threshold when the EOCH matrix was used (Table 1).

3.4. Effect of Interfacial Interactions. Our third
comparison involved an LLDPE matrix functionalized with
aminopyridine (PY), capable of establishing 7—7 interactions
with the MWCNTSs, thus improving stress transfer during
compounding compared to its maleated counterpart (MA),
which is incapable of such interactions.’ Upon using this
noncovalent compatibilization technique the dispersion of

Table 2. Distribution Parameters of Length (nm) for As-
Received and Recovered from Melt Processed Composites
Multi-Walled Carbon Nanotubes

parameter MWCNT EOCL1 EOCL3 EOCH3 MA3 PY3
X0 414 250 164 165 150 115
Xs0 1579 1166 727 558 700 425
X50 4604 3696 2900 2160 2654 1540
L 2220 1995 1200 1050 1190 720

‘average

MWCNTs within the PY matrix was significantly improved,
owing to the enhanced compatibility between matrix and filler
(Figure S).

Furthermore, the PY-based composite exhibited narrower
MWCNT size distribution, which was shifted to smaller lengths
(Figure 6). The nanotubes retained just 44% of their initial
length (Xg, values) when compounded with MA, whereas
compounding with PY left only 27% of the initial length. The
effect was even more pronounced for the long nanotubes, with
a reduction to almost half between Xy, values of MA and PY
(Figure 6). This suggests that enhanced interfacial transfer of
shear forces in the presence of aminopyridine functionalization
promoted further breakage of the MWCNTs, especially of the
long ones. This can be easily attributed to the functionalization
procedure only, since the viscosity of the PY matrix was actually
lower than that of MA (Table 1).

Noncovalent compatibilization resulted in a significant
increase in the percolation threshold to S vol %, compared to
1.8 vol % for the MA/MWCNT composites (Table 1 and
Figure 7). This may be attributed in part to the improved
dispersion of the MWCNTSs;® however, the results presented
herein suggest that nanotube length reduction must also be
considered.

To further clarify whether breakage can account for the
observed increase in the percolation threshold, we employed
the improved interparticle distance (IPD) model, developed by
Li et al,>> which correlates the length of the MWCNTSs with
the variation of the percolation threshold concentration. The
IPD model contains two dispersion parameters accounting for
two extreme cases: (1) all of the cylindrical CNTs are perfectly
dispersed in the matrix and (2) all of the CNTs are present in
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Figure 2. (a) TEM image of as-received MWCNTs with length measurements of the nanotubes and (b) length distribution of MWCNTs.
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Figure 3. Comparison of length distribution of MWCNTs (a) as-received and recovered from EOCLI and (b) recovered from EOCL1 and EOCL3.
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Figure 4. Comparison of length distributions of MWCNTs as
recovered from melt processed EOCL3 and EOCH3.

the form of agglomerates. The percolation threshold, P, can be
calculated using eq 2.

1 — £)27nd’

p= em ( 6)2 7rd

6 4l )

where ¢ is the localized volume content of MWCNTSs in an

agglomerate, £ is the volume fraction of agglomerated

MWCNTs, and d and [ are the diameter and length,

respectively, of the MWCNTSs. A value of £ = O represents

perfect dispersion of the MWCNTSs. As the volume ratio of the

agglomerates increases, the percolation threshold becomes
more insensitive to the nanotube length, because the first term
of eq (1) (length independent part of the model) increases,
whereas the second term (length dependent part) decreases
proportionally. In the presence of agglomerates (¢ > 0) the
dependence of the percolation threshold concentration on
MWCNT length becomes minimal.

For the purposes of the present analysis perfect dispersion
was assumed with no agglomerated MWCNTSs present, so that
£ = 0. Although this is never the case in real nanocomposites, in
which both individual, well-dispersed MWCNTs and MWCNT
agglomerates exist, considering such a case presents a scenario
in which the length’s variation effect on the percolation
threshold is maximized. This is actually quite realistic in the
PY/MWCNT composites, which contain well-dispersed
MWCNTs (Figure S).

The predictions of the IPD model, obtained using an average
nanotube diameter of d = 30 nm are summarized in Table 3
and compared to the experimentally obtained values, which
were based on an assumed MWCNT density of 1.65 g/cm>.
The deviations between theoretical predictions and exper-
imental data may be attributed to the assumption of perfect
dispersion, the variations in the MWCNT diameter, and the
uncertainty in the density of the MWCNTSs when estimating
the volume fraction.

Upon inspection of the results, it becomes immediately
apparent that the length reduction during compounding was
the major contributor to the significant increase of the
percolation threshold in the PY composites. Taking into
account the reduction of the average length alone was sufficient

) g
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¥

Figure 5. TEM images of (a) MA and (b) PY containing 3.0 wt % MWCNTs.
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Table 3. Percolation Threshold Concentration Based on
IPD Model.>®

sample W (nm) experimental (vol %) IPD model (vol %)
MA3 1190 1.8 1.3
PY3 720 5.0 3.7

to predict a 3-fold increase in the percolation threshold
concentration (Table 3). This is similar in magnitude with the
increase observed experimentally. Therefore, the significant loss
of length is the main contributing factor in the increase in
electrical percolation threshold concentrations in the PY
composite.

The small discrepancies between the experimental and the
predicted results can be attributed to the presence of polymer
that is physically adsorbed on the surface of the nanotubes.
This would be more pronounced in the case of the PY
composites, which have enhanced interfacial interactions. The
presence of even small amounts of adsorbed polymer hinders
direct contact between nanotubes, thus inhibiting the formation
of a conducting network and consequently increasing the
percolation threshold. The IPD model, which accounts only for
the contacts between nanotubes, without taking the presence of
adsorbed polymer into account would therefore predict a lower
percolation threshold. The physically absorbed polymer may
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further act as a tunneling barrier between the filler particles
resulting in significantly lower than expected composite
conductivities (Figure 7),%° compared to the properties of the
neat nanotubes.”’

4. DISCUSSION

It has been noted extensively in the literature that filler
dispersion and the electrical and mechanical properties of
polymer/MWCNT composites are ultimately related to the
length of the nanotubes'*>%** and, more specifically, in the
case of melt compounding, to the residual MWCNT length
inside the polymer matrix. Our results, summarized in Table 2
and Figure 8, show a significant shift in the size distribution of
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Figure 8. Comparison of cumulative length distribution curves of pure
and recovered from melt processed composites multiwalled carbon
nanotubes.

the MWCNTs upon melt compounding, which becomes more
pronounced at higher filler contents, due to the increased
probability of collisions and fracture of the nanotubes. A clear
trend toward shorter nanotubes is also seen as the viscosity
increases and in compatibilized formulations, which promote
improved interfacial interactions. While nanotube length
reduction upon melt compounding has been reported before
for composites based on polycarbonate and polystyrene,'>*>*
it is the first time that nanotube breakage is quantified and
reported in polyolefins, while considering simultaneously the
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contribution of factors such as filler concentration, matrix
viscosity, and interfacial interactions. This confirms that CNT
breakage is a widespread phenomenon during melt compound-
ing of composites based on thermoplastic matrixes.

We have also demonstrated that shortening of the MWCNT's
promotes disentanglement and improves dispersion within
polyolefin matrixes, resulting ultimately in higher percolation
thresholds, due to a loss in interconnectivity. Therefore, the
effects of length reduction during processing should always be
considered when trying to control the percolation thresholds.
The ability to control the MWCNT length appears to be
extremely important to attain the high electrical and physical
performance of polymer/MWCNT composites predicted by
theoretical studies.

Even though it is widely accepted that MWCNTs have
remarkable mechanical properties, it has been demonstrated
that external forces by ultrasound*******' and ball mill-
ing'*'®*%3* can cause breakage. Our work clearly demonstrates
that shear forces developed during melt mixing are also
sufficient to fracture the nanotubes and reduce their lengths.

It is well documented that fibers, including the commonly
used carbon fibers and glass fibers, are easily broken by external
forces exerted on them during processing® due to a
mechanism of bending and buckling during shear flow.>*
Pagani et al”** suggested that these mechanisms are also
responsible for the breakage of CNTs and that longer CNTs
are especially susceptible to buckling, with axial buckling being
dominant. Buckling occurs when the fluid shear stress is higher
than the buckling stress (o), calculated by the following
equation:34

Bin(}) - 175]
G
2(3) 3)
where E;is the Young’s modulus, and [ and d are the length and
diameter, respectively, of the filler. Assuming values of tensile
strength of 3.6 GPa and Young’s modulus of 0.450 TPa>® for
commercial carbon nanotubes prepared by carbon vapor
deposition (CVD) and values of d = 0.03 ym and [ = 2.22
pm (Lavmge), a shear stress of the order of 20 kPa is calculated
for buckling. Shear forces of the order of MPa are typically
encountered during regular melt compounding operations,
which are much larger than o, and therefore significant
buckling of the CNTs will take place during compounding.
Once buckled, a CNT must experience a sufficiently high
local curvature stress to break. This happens at a critical radius

of curvature, Ry, which can be determined from thin rod theory
according to the equation:****

Ry,  E

d Zaf (4)
where o; is the tensile strength of the filler. For a rod-shaped
filler, the higher the value of Ry, the less bending is needed to
cause breakage. Furthermore, decreasing aspect ratio as a result
of breakage leads to increased oy, with shorter nanotubes being
more difficult to break and, thus, a limiting value of fiber length
is eventually reached.

Using the typical CNT length and diameter values
mentioned above, a value of R, = 1.88 ym was obtained,
which is close to the average length of the nanotubes. The
values obtained by applying eqs 3 and 4 suggest that the
nanotubes used in this work are very likely to break because the
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shear forces during compounding are much higher than o,
while the degree of bending needed to induce breakage is
relatively low and of the same order of magnitude to the
average nanotube length.

In addition to the considerations mentioned above, the
situation encountered in MWCNTSs is more complicated than
what is reported in common fibers. MWCNT consist of
cylindrical layers. The loads (shear, tension, compression)
would be transferred by the polymer matrix to the MWCNTs
via the nanotube/matrix interface and from the outermost layer
and into the inner layers. Given that the cylindrical layers are
bonded weakly through van der Waals interactions, the
MWCNTSs are susceptible to interlayer forces,> resulting in
highly anisotropic stresses, which may lead to fracture.

Another reason for the susceptibility of MWCNTSs to
breakage is the existence of defects and heterogeneities at the
nanoscale.’” ™ Defects such as vacancies, metastable atoms,
pentagons, Stone—Wales defects, heterogeneous atoms, and
discontinuities of walls are widely exhibited by as much as 10%
of the nanotubes in commerciall MWCNT samples. These
defects play an important role in the mechanical, electrical,
chemical and other properties of the carbon nanotubes.
Mechanical stimuli can cause the formation of further defects,
beyond certain values of strain that are as low as 5—6%.** High
defect densities and geometrical irregularities in mass-produced
MWCNTSs can degrade mechanical properties, such as tensile
strength, down to 60% of the intact tube.*' Considering the
effect of the tensile strength values in eqs 3 and 4, it is a
straightforward conclusion that MWCNTSs fracture becomes
easier than what would be expected considering their ideal
properties.

Given that residual MWCNT length plays such an important
role in determining the properties of the composites,
prevention of breakage and length retention are important
issues that must be addressed to achieve the highest
performance from the composites. However, sufficient,
reproducible, and effective control of the structural quality of
MWCNTs still remains a challenge.** Improvements in the
synthetic procedure of MWCNTs leading to reduction and
uniformity of structural defects would help retain the initial
length in the composite and give rise to improved composites
with more predictable properties, enabling them to become
industrial commodities.

5. SUMMARY

A simple method involving solubilization of the polyolefin
matrix and the isolation and purification of the nanotubes
followed by length distribution analysis using TEM, was
implemented to accurately measure the length distribution of
MWCNTSs in polyolefinic composites. The statistical analysis
revealed a progressive reduction of the length of MWCNTSs
upon melt compounding. Breakage led to a significant increase
in the number of very short MWCNTs and a narrowing of the
length distribution. As the MWCNT concentration increased,
so did the probability of particle—particle collisions, resulting in
further length reductions. Increasing the matrix viscosity
facilitated MWCNT dispersion at the cost of residual length,
especially of the long nanotubes. This led to increased
percolation threshold. Noncovalent compatibilization also
improved the dispersion significantly, due to enhanced
interfacial interactions between the matrix and the nanotubes.
However, interfacial stress transfer promoted breakage,
resulting in a significant decrease in the length distribution of
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the MWCNT, to almost half compared to the noncompatibi-
lized composite. The combined result was that the electrical
percolation thresholds were significantly increased due to a loss
in interconnectivity in the presence of shorter nanotubes.
Application of the IPD theoretical model to correlate the length
of the nanotubes with the percolation threshold confirmed that
the increased percolation threshold concentrations were
attributed mainly to the breakage and shortening of the
nanotubes.
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