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Abstract

While ultrasonication is universally employed for dispersion and distribution of

carbon nanotubes (CNTs) in a solvent or polymer solution, the current work

focuses on the underlying mechanisms of CNT demixing and CNT damage that

can occur during processing. Here, multi-walled CNTs were dispersed in a poly-

caprolactone polymer matrix using an established solution processing technique.

Electrical, rheological, and mechanical characterization results suggest that once

nanocomposite property enhancements reach an optimal level, further sonica-

tion leads to a decrease in the corresponding properties due to a combination of

CNT damage and demixing mechanisms. Evidence of CNT damage from trans-

mission electron microscopy, poor CNT distribution from optical image analysis

and shear-induced crystallization results, and reagglomeration observed from

ultraviolet–visible results, taken together, suggest that mechanisms of demixing

and damage of the CNTs coexist for excessive sonication times.
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1 | INTRODUCTION

The compounding of carbon nanotubes (CNTs) into poly-
mers has the potential of generating functional
nanocomposites that can be used in a wide range of appli-
cations. The success of incorporation of CNTs into a poly-
meric binder to achieve targeted functional end-use
properties of the nanocomposite depends on the dispersion
(agglomerate sizes) and distribution (spatial homogeneity)
states of the CNTs within the nanocomposite. There are
several processing techniques that can be used to incorpo-
rate CNTs into a polymeric binder. Such processing
methods include ultrasonication, internal batch mixers,
extruders, or in situ polymerization methods.[1,2] Although
there are many different methods of processing to mix
CNTs into a polymeric binder, it is still a significant chal-
lenge to successfully disentangle the as-received CNTs and

to manipulate the dynamics of the formation of percolat-
ing networks of CNTs using conventional processing tech-
niques.[1,3,4] Unlike many studies in this direction which
focus on obtaining better control of dispersion and distri-
bution states through modification of the CNT surface, the
current work focuses on the importance of optimal mixing
of as-received CNTs through mechanical dispersion
techniques.[5–7]

Commonly, ultrasonication is employed for the dis-
persion and stabilization of CNTs in a solvent and poly-
mer.[8,9] Reports on the effect of ultrasonication on
dispersion of CNTs have suggested several possible effects
of processing conditions on the final properties of the
polymer nanocomposite. For example, for epoxy with 0.5
and 1 wt% of multi-walled CNTs (MWCNTs), Gkikas et al.
found a marginal increase in the nanocomposite tensile
strength and tensile modulus in comparison to neat
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epoxy even when the sonication time was increased from
0.5 to 4 hr.[10] It is also possible that after reaching a max-
imum value, nanocomposite properties decrease slowly
with additional mixing until the properties approach an
asymptote over time. For example, Montazeri et al. inves-
tigated the impact of sonication output powers and times
on the tensile properties of MWCNT/epoxy/chopped
strand mat nanocomposites.[11] They found that the ten-
sile properties of the nanocomposite initially increased
with an increase in sonication time and power; however,
these properties decreased with additional time or power
input, suggesting an optimal condition at which maxi-
mum mechanical properties were achieved.

While most studies have found that the CNTs agglom-
erates can be broken down during the earlier stages of
mixing, some reports suggest CNTs can be either damaged
or demixed into new agglomerate shapes and sizes during
subsequent processing. For example, cavitation from the
ultrasonication process has been shown to break CNTs
into smaller pieces. Lu et al. reported such damage for
MWCNTs, where transmission electron microscopy (TEM)
observation found that ultrasonication could remove the
outer walls and reduce the length of the CNTs.[12] Yu et al.
also reported a change in aspect ratio of sodium dodecyl
sulfate (SDS) surfactant modified single-walled CNTs in
1 wt/vol% sodium deoxycholate as a function of sonication
time and power using atomic force microscopy and
ultraviolet–visible (UV–vis) spectroscopy.[9] Pagani et al.
have theoretically explained the two mechanisms that lead
to CNT scission during ultrasonication.[13] They found
from their simulations that CNT length decreases as a
function of sonication time following a power law and that
the exponent varies depending on the scission
mechanism.[13–15] They postulated that CNT scission is
due to stretching for shorter CNTs and results from a
buckling mechanism for longer CNTs. Finally, Huang
et al. have described in detail the criteria for dispersion
and stability when using sonication.[16] They explain that
the specific energy input or local energy density should be
greater than the binding energy of CNT aggregates and
lower than the energy required to fracture the CNTs. They
then developed a model to determine the shear forces that
could be generated using ultrasonication and showed an
example where 10 hr of sonication led to damage of CNTs
thus affecting their aspect ratio.[16]

Some researchers have also shown that excessive
mixing can disrupt CNT networks originally developed
during processing due to demixing and reagglomeration
of the CNTs.[17,18] For example, Vural et al. have shown
that linear viscoelastic properties first increase and then
decrease as sonication times increase for a UV–curable
CNT/poly(ethylene glycol mono acrylate) (PEGMA)
nanosuspension with a CNT volume fraction of 0.003.

The initial increase followed by the decrease of the linear
viscoelastic moduli has been found to be consistent with
corresponding optical images that show initially agglom-
erated CNTs in PEGMA to first become better dispersed
(leading to increase of storage and loss moduli) and then
begin to agglomerate (with corresponding decreases in
linear viscoelastic material functions) as the sonication
time further increases.[18]

The addition of small amounts of CNTs to a polymer
can transform an insulating polymer into a conductive
polymer nanocomposite due to the ability of CNTs to form
a percolating network within the polymer.[1] Such network
formation can also affect the processability and viscoelastic
material functions of the nanocomposite.[3,19–22] A wide
range of percolation thresholds have been reported for
both electrical and rheological properties of polymer/CNT
nanocomposites.[1,4] In addition, numerous studies have
shown that rheological and electrical percolation thresh-
olds strongly depend on the type of polymer, CNT aspect
ratio, degree of breakdown of CNT agglomerates, and the
degree of alignment and spatial distribution of the embed-
ded CNTs.[4] Further, it has been shown that percolation
thresholds exhibit a strong dependence on the processing
conditions used to incorporate CNTs in the polymer.[23]

Such work highlights the importance of understanding
the conditions under which networks of CNTs form and
how they can be damaged or demixed. In our previous
work, the importance of applying a two-stage (CNT and sol-
vent) sonication process to obtain a better dispersion of
CNTs and reproducible polymer nanocomposite properties
was described.[24,25] Electrical, rheological, and mechanical
characterization results suggest that once nanocomposite
property enhancements reach an optimal level, further son-
ication leads to a decrease in the corresponding properties
due to a combination of CNT damage and demixing
mechanisms.

For this study, MWCNTs were dispersed in a poly-
caprolactone (PCL) polymer matrix using a solution
processing technique. The CNTs were incorporated into
dichloromethane (DCM) using a probe sonicator with dif-
ferent durations of sonication (15, 30, 60, and 90 min). This
stage is referred to as Stage 1 sonication, during which the
development of electrical conductivity of the CNT/solvent
nanosuspension during sonication was monitored. Follow-
ing Stage 1 CNT/solvent sonication, samples were then
characterized using small-amplitude oscillatory shear, UV
spectroscopy, and electron and optical microscopy. The
samples were then subjected to an additional 10 min of
PCL/CNT/solvent sonication using a probe ultrasonicator
(referred to as Stage 2 sonication) and then dried in a vac-
uum oven for 4 days until all the solvent was evaporated,
leaving the PCL/CNT nanocomposite. The resulting
PCL/CNT nanocomposite samples were then molded and
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subjected to rheological, mechanical, and electrical charac-
terization. Using these wide-ranging characterization tech-
niques, the optimum dispersion and distribution states of
CNTs were sought, while documenting the effects of dem-
ixing and damage of CNTs on the electrical, tensile, and vis-
coelasticity of the polymer nanocomposite. While length
scale effects are a challenge when considering polymer
nanocomposites, a particular advantage of the approach
used in this manuscript is the complementary analysis of
the dispersion/distribution states of the MWCNT at several
different length scales: TEM, high magnification optical
characterization, and bulk properties (electrical and
mechanical characterization). This work also leverages the
shear-induced crystallization behavior of the sample, where
changes in bulk rheological behavior are quite sensitive to
the local MWCNT surface area available for
nucleation.[24,25]

2 | EXPERIMENTAL

2.1 | Materials

The PCL used here was obtained from Scientific Poly-
mers (CAT 1070 with molecular weight of 70,000 g/mol
and solid density of 1,145 kg/m3). DCM (Pharmaco-
Aaper, reagent grade) was used as the solvent. MWCNTs
obtained from Cheap Tubes Inc. of Boston, MA (density
of 2,100 kg/m3) typically exhibited outer diameters of
20–30 nm and lengths of 10–30 μm, resulting in an aspect
ratio ranging from 330 to 1,500. For the studies reported
here, the concentration of CNT in PCL was varied
between 0.3 wt% (0.05% by volume) and 2 wt% (1.1% by
volume).

CNTs typically exhibit very large aspect ratios and
occupy correspondingly high hydrodynamic volumes.
Consequently, CNTs overlap and aggregate at concentra-
tions as low as 0.1 wt%.[26] Two concentration regimes
can be defined on the basis of the number density and
dimensions of CNTs, that is, the semidilute and the con-
centrated regimes. In the semidilute regime, the nan-
otubes cannot rotate freely without being impeded by
their neighbors, whereas in the concentrated regime, the
isotropic packing of the nanotubes becomes difficult. The
concentrated regime for well-dispersed CNTs is generally
characterized with cL3 >> 1 and cL2d ≤ 1 (where c is the
number density, d is the outer diameter, and L is the
nanotube length).[27] A range of CNT concentrations,
that is, volume fractions, ϕ, of 0.0015 (0.3 wt%) to 0.0044
(0.8 wt%) were used for the characterization of electrical
properties of the CNT/PCL nanocomposites, while all
other experimental results reported here were carried out
at ϕ = 2.7 × 10−3. At this concentration, and with CNTs

where L = 20 μm and d = 25 nm, cL2d = 2.8 and
cL3 = 2,215, indicating that when well distributed the
CNTs would be in the concentrated regime. The develop-
ment of a percolating CNT network would be expected at
the concentrated regime of CNTs.

2.2 | Solution mixing of CNTs with PCL
and sample preparation

Ultrasonication is a mixing technique where mechanical
vibrations are transmitted through a horn tip immersed
in a liquid solution. These vibrations generate ultrasonic
cavitations which collapse and help to overcome the
binding energy between nanotube surfaces, which leads
to deaggregation of the CNTs. The sonication apparatus
used here was a Misonix XL2020 ultrasonic unit.

Here, a two-stage sonication procedure was applied.[24,25]

During the first stage in themixing procedure (“Stage 1” soni-
cation), the CNTs were sonicated and dispersed in DCM
(0.05 g CNT with 50 ml of DCM) for 15, 30, 60, and 90 min.
Separately, the dissolution of 9.95 g of PCL in 100 ml of DCM
was carried out using a magnetic stirrer for 50 min under
ambient temperature conditions. The Stage 1 CNT/DCM
mixtures were then directly added to the PCL/DCM solu-
tions, with the combined mixture (PCL/CNT/DCM) soni-
cated for an additional 10 min (“Stage 2” sonication). For all
sonication operations, the power input was estimated to be in
the range of 60–70 W. It was verified using a thermal imaging
camera (Inframetrics PM290) that under these power condi-
tions the temperature of the suspension did not rise
significantly.

The resulting sonicated mixtures (i.e., after Stage 2)
were vacuum dried at 50�C for 4 days until all solvent
was evaporated. After complete drying (as verified with
successive weight measurements), the nanocomposite
samples were stored in low-density polyethylene bags in
a desiccator to be used for molding and characterization
as described below.

2.3 | Electrical conductivity during
sonication

Electrical conductivity versus time behaviors of the Stage
1 CNT/DCM suspensions were obtained by measuring cur-
rent flow using a probe built in-house with fixed area and
constant gap between two electrodes. The probe was
immersed into a beaker containing the CNT/DCM suspen-
sion at 15 min sonication intervals. The readings were
taken after allowing the suspension to relax (no sonication)
for 1 min. The electrical conductivity was determined by
measuring the current flowing through the sample at a
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constant voltage source of 15 V. Resistance values for each
mixing condition were calculated from the inverse slope of
voltage versus current for each sample, from which the
electrical conductivity σ of the samples was calculated as:

σ=
L
RA

, ð1Þ

where R is the resistance, A is the cross-sectional area
of the electrodes, and L is the gap between the two
electrodes. The value of the geometry constant L/A
was obtained by calibrating the setup using a standard
solution for electrical conductivity (i.e., HI6033
84 μS/cm standard solution available from Hanna
Instruments).

2.4 | UV–vis characterization

Spectroscopic methods can be used to quantify nanotube dis-
persion by correlating the amount of light absorbed by the
suspension to the concentration of the nanoparticles.[28,29]

Specific to our work here, UV–vis has been used to study the
dispersion of MWCNT systems.[5,30–34] For example, Ala-
fogianni et al. evaluated the dispersion quality of sonication
of an aqueous solution of MWCNT and dispersive agent,
finding that longer sonication time led to a higher character-
istic peak in UV–vis spectra.[5] As the absolute value of the
UV–vis spectra contains information about both scattering
and absorption, they used liquid mode laser diffraction to
measure particle sizes.[5] Similarly, Yu et al. studied the dis-
persion quality of sonicated MWCNTs with aqueous surfac-
tants and found the optimal achievable dispersion of
MWCNTs corresponds to maximum UV absorption of the
solution.[30] A comprehensive review of spectral analysis
techniques to characterize the dispersion of CNTs in aqueous
suspensions is presented in the literature.[28] In this work, we
have used the relative difference and confidence intervals of
the spectra absorbance values to analyze the dispersion of
the nanotubes.

For UV–vis spectroscopy work conducted here, 100 μl
samples at the end of each Stage 1 sonication mixing pro-
cedure were placed into quartz cuvettes and further
diluted by a factor of 20 using the same DCM solvent,
after which the UV spectra of the samples were recorded.
For background, blank quartz cuvettes were employed,
and for reference, pure DCM was measured under the
same conditions as the samples themselves and sub-
tracted from the absorbance signal of the samples. For
each mixing condition, UV–vis spectra for 10 samples
were obtained. For the mixing index values described
below, absorbance values at a specific wavelength of
500 nm were used.

2.5 | Microscopy

Microscopy coupled with image analysis is an effective
method for characterizing agglomerate sizes and their
distributions.[20,35–41] For TEM, a Lacey carbon-coated Cop-
per 300 mesh grid, purchased from Ted Pella Inc (Lacey
Carbon Type A, Copper (#01890)) was used. The formvar
layer on the grid was removed by dipping the grid in chlo-
roform for 10 s and allowing it to dry sufficiently in open
air. Following this, a 5 μl drop of CNT/DCM suspension
obtained after Stage 1 sonication was placed on the grid
and allowed to dry in open air for 5 min, leaving the CNTs
to be imaged on the grid. For TEM, a JEOL 1010 TEM
was used.

Optical microscopy used a Nikon Eclipse E1000
microscope. Here, 2 μl drops of PCL/CNT/DCM obtained
following Stage 2 sonication were placed on glass slides
that were then covered with glass cover slips. Optical
images were obtained at a magnification of ×20 and
recorded using a digital camera at room temperature.

ImageJ software was used for the analysis of micros-
copy images. The images were digitized to 8 bit and then
subjected to binarization.[19,35,36] Binarization was carried
out using the Triangle Thresholding algorithm of
ImageJ.[36] Using this approach, the diameters of CNT
aggregates and the area fractions of the aggregates were
found.

2.6 | Rheological characterization

Linear viscoelastic properties of the nanocomposite samples
were found via small-amplitude oscillatory shear experi-
ments using an Advanced Rheometric Expansion System
from TA Instruments. The rheometer was equipped with a
force rebalance transducer (2K-FRTN1) and an environ-
mental chamber which maintains a constant temperature
within ±0.1�C. For linear viscoelastic property characteriza-
tion, the samples were first melted in the rheometer at a
temperature of 80�C for 5 min. A 1 mm gap was then set
between two 25 mm diameter parallel plates and the excess
material trimmed. The environmental chamber was then
reclosed and allowed to reequilibrate at 80�C post-trimming
for at least 5 min prior to testing.

The dynamic viscoelastic properties were character-
ized as a function of frequency between 0.1 and 100 rad/
s. Characterization of the linear viscoelastic response of
the CNT/PCL nanocomposites over a range of frequen-
cies (and hence time scales) provides a broad description
of their viscoelastic responses. In general, at relatively
small characteristic deformation times (high frequencies)
the elastic response is accentuated while at longer char-
acteristic times (low frequencies), the viscous flow
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behavior is accentuated. It was determined that the sam-
ples were in the linear viscoelastic regime for strain
amplitudes that were ≤1%. The frequency sweeps were
carried out at a strain amplitude of 1% and at 80�C.

It has been shown that the shear-induced crystallization
behavior of polymer nanocomposites can be quite sensitive
to the state of dispersion of CNTs within a semicrystalline
polymer.[24,25] During shear-induced crystallization, the
nanoparticles can act as heterogeneous nuclei and alter the
crystallinity development for nanocomposites of CNTs dis-
persed into semicrystalline binders.[21,42,43] The shear-
induced crystallization tests were also conducted using the
rheometer. The steps of loading and equilibrating the sam-
ples at 80�Cwere similar to the procedures used for the char-
acterization of dynamic properties, as described above.

The crystallization temperatures of the pure PCL and
the 0.5 wt% PCL/CNT nanocomposite were found to be
28 and 38�C, respectively.[25] Upon waiting approximately
2 min following thermal equilibration at 80�C, the shear-
induced crystallization experiments were started by
cooling the samples to the target temperature of 55�C at a
rate of 15�C/min. Dynamic viscoelastic properties were
then collected at 1% strain amplitude and 1 rad/s as a
function of time. Changes in the viscoelastic properties as
a function of time are associated with the shear-induced
crystallization behavior of the PCL/CNT nanocomposite.
Three samples were tested for each condition.

2.7 | Mechanical properties

To evaluate the effects of the CNT dispersion and distri-
bution states on mechanical properties, tensile properties
of the PCL and 0.5 wt% PCL/CNT nanocomposite sam-
ples were characterized. Storage moduli at room tempera-
ture were characterized using an INSTRU-MET floor
model Instron with Testworks material software, with
tests performed according to ASTM D882. Rectangular
samples with a thickness of 0.87 mm, width of 21.8 mm,
and a gage length of approximately 25 mm were used for
the tensile tests. The specimens were tested in displace-
ment control mode at a crosshead speed of 0.25 mm/min.
For each mixing condition, three samples were tested.

2.8 | Electrical characterization

For electrical characterization, PCL/CNT nanocomposite
samples were subjected to different Stage 1 sonication
durations followed by 10 min of Stage 2 sonication. Ear-
lier work had shown that this procedure provides an
effective processing method for the PCL/CNT suspension
samples.[24,25] PCL/CNT suspensions that were subjected

to Stage 2 mixing and subsequent drying were compres-
sion molded using a Carver compression molder. Six
rounded-edge rectangular samples approximately 10 mm
in length, 6.5 mm in width, and 1.2 mm in thickness
were molded using an aluminum shim under a pressure
of 138 MPa at 100�C for 5 min. Samples were coated with
silver paint on the edges to minimize the contact resis-
tance with the electrodes. These samples were used to
measure current as a function of varying voltage from
1 to 30 V applied in steps of 0.5 V using a Keithley 2636B
dual channel source meter which was calibrated using a
known source of resistance.

2.9 | Degree of distributive mixing:
mixing index

A quantitative description of the mixing quality of a given
mixture can be obtained by determining the concentration
distributions of the minor phase at a given scale of
examination.[44–49] A relatively low mixing index (MI) value
represents poor distributive mixing efficacy while larger MI
values represent better homogeneity. The formulae that are
used in mixing index calculation have been presented in our
previous work.[24,25]

Briefly, if one makes N measurements of the concen-
tration ci of the minor component, then the mean con-
centration �c can be written as:

�c=
1
N

XN

i=1

ci: ð2Þ

The variance s2 of the individual concentration ci
measurements provides a means to quantitatively assess
the degree of mixedness and can be written as:

s2 =
1

N−1ð Þ
XN

i=1

ci−�cð Þ2: ð3Þ

A small variance indicates that the concentrations ci
are close to the mean concentration �c and thus a rela-
tively homogeneous mixture has been achieved. On the
other hand, the maximum variance s20 corresponds to the
complete segregation of the minor and major compo-
nents such that

s20 =�c 1−�cð Þ: ð4Þ

Normalizing the standard deviation s with respect to
its maximum value obtained for the segregated state s0,
the mixing index MI is defined as:
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MI=1− s=s0: ð5Þ

3 | RESULTS

Sonication is a powerful technique to process polymer
nanocomposites and has been studied in detail to develop
processing techniques that aid in better dispersion and dis-
tribution of CNTs in the polymer matrix. In the current
work, the focus is to understand the effects of longer than
optimal ultrasonication times on the dispersion and distri-
bution states of the CNTs and the resulting electrical and
rheological properties of the nanocomposite.

3.1 | Electrical conductivity during
sonication

Electrical conductivity of the Stage 1 CNT/DCM solution
is obtained by measuring the current flow through the
sample subjected to a voltage source of 15 V. The current
measured is then converted to conductivity using Equa-
tion (1) and plotted in Figure 1. It is observed in Figure 1
that electrical conductivity of the CNT/DCM suspension
first increases as the Stage 1 sonication time increases
from 15 to 30 min, and then the conductivity decreases as
the sonication time is further increased.

As the CNTs are exfoliated from their bundled states
during sonication they undergo deformation, bending,
and buckling.[22] Furthermore, the exfoliated CNTs begin
to interact with their neighbors and start to form strained
network configurations. The stability of these strained

network configurations is driven by the competition
between the attractive van der Waals forces which are
driving the CNT interactions and the elastic energies of
the bent/deformed nanotubes.[16] The enhanced electrical
conductivity during the earlier sonication times is associ-
ated with the development of a CNT network by CNTs
that have deagglomerated and are now distributed within
the solution, while decreases in the conductivity for lon-
ger durations of sonication are attributed to the disrup-
tion of the CNT network caused by either demixing or
damage of the CNTs. It is clear that the measurement of
the electrical conductivity of the CNT/solvent suspen-
sions during mixing is an effective method for the moni-
toring of the efficacy of the mixing process during
sonication.

3.2 | UV–vis characterization

UV–vis spectroscopy, based on quantifying the absorp-
tion of light in the UV–vis spectrum, is applicable to any
type of suspension and is one of the most straightforward
techniques for characterizing the dispersion of the
CNTs.[5,29] While individual CNTs absorb light in UV–vis
region, CNT bundles do not, and thus as the CNTs are
better dispersed the suspension will absorb more light,
suggesting the use of UV–vis as an indicator of dispersion
quality.[28,29,31] Here, UV–vis spectra were obtained for
10 samples for each Stage 1 sonication time, with the
average absorbance values and the 95% confidence inter-
vals for each wavelength plotted in Figure 2. We attribute
small fluctuations in the curves to sample concentration
effects and sample-to-sample variation.

As shown in Figure 2, all samples have a characteris-
tic peak in their UV–vis spectrum at a wavelength of
approximately 250 nm in agreement with the litera-
ture.[29] It is further observed that increasing the sonica-
tion time for the suspension from 15 to 30 min leads to
an increasing amount of unbundled CNTs, which results
in an increase in absorbance values. However, for a fur-
ther increase in the sonication time to 60 or 90 min, the
absorbance values decrease indicating that the number of
individual CNTs absorbing the light has been reduced.
This would indicate that beyond the optimal sonication
time, the additional sonication energy results in partial
reagglomeration or bundling of the CNTs in this particu-
lar system.

To further characterize the distribution of CNTs using
UV–vis spectroscopy, the absorbance values at 500 nm
were examined as reported in previous studies.[31]

Figure 3 shows the absorbance values at 500 nm from
each of the 10 samples for each mixing condition. From
Figure 3, it was found that for suspensions that were
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subjected to 15 min of Stage 1 sonication, the absorbance
values at 500 nm range from 0.45 to 0.65, while for
30 min of Stage 1 sonication, the absorbance values range
from 0.75 to 0.85. Samples subjected to 60 min of Stage
1 sonication have absorbance values that range from 0.58
to 0.82, while finally for samples subjected to 90 min of
Stage 1 sonication the absorbance values range from 0.55
to 0.9. A tighter spread in the range of absorbance values
indicates better distribution of the dispersed CNTs within
the samples.

In addition, also shown in Figure 3 are mixing indices
based on the absorbance values at a wavelength of
500 nm for each mixing condition. These values were
determined using Equation (5). It is noted that the
mixing index values increased from 0.859 (for a Stage
1 sonication time of 15 min) to 0.885 for a Stage 1 sonica-
tion time of 30 min. However, as the Stage 1 sonication
time is further increased to 60 or 90 min, the mixing
index values reduce to 0.85 and then 0.78 indicating that
there is greater variation from the mean absorbance for
longer sonication times. This suggests that the homoge-
neity of the distribution of CNTs in the CNT/solvent sus-
pensions improves during the first 30 min of sonication
but then deteriorates at longer sonication times.

3.3 | Morphological characterization

TEMwas used to obtain direct images of the CNTs after Stage
1 sonication as described in the experimental section.
Figure 4 shows images of CNTs that were sonicated for 15, 30,
60, and 90 min, respectively, at×20,000magnification.

For 15 min of sonication, the CNTs appear to be
starting to become unentangled with longer lengths
observed for the CNTs, while the CNTs subjected to
30 min of sonication appear to be well distributed and
form a loosely packed network while their lengths
remain similar. On the other hand, it is observed in
Figure 4c,d that CNTs subjected to 60 or 90 min of Stage
1 sonication seem to have a reduction in their lengths
(highlighted by yellow arrows) along with some local
aggregation in comparison to samples subjected to
15 and 30 min of Stage 1 sonication.

It is also observed in Figure 4c,d that the CNTs soni-
cated for longer durations tend to bend and buckle
(highlighted by red arrows). Such bending and buckling
are expected on the basis of the theoretical calculations of
Pagani et al.[13] Different models have been presented in
the literature to explain the fracture or breaking of CNTs
during ultrasonication. For example, Huang et al. pro-
posed a model that defined a filament fracture resistance
parameter as 0.5 × σ × (d/L)2 < σsonication, where σ is the
tensile strength of the CNT. For the current system using
an average d of 25 nm and L of 10 μm, we get the fracture
resistance parameter to vary between 32 and 312 kPa for
tensile strengths of 10–100 GPa as reported in the litera-
ture.[16,50,51] In addition, Huang et al. reported that the
localized shear stress imparted in the vicinity of an
exploding cavitation bubble in a low viscosity system is on
the order of 100 MPa.[16] The amount of energy provided
by ultrasonication far exceeds this value and is thus able
to break the CNTs. However, the fracture resistance
parameter is dependent on the length of the nanotubes
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and will not affect nanotubes shorter than a critical length
which may buckle and bend during sonication.[13,16]

As the TEM images represent a very small fraction of
the sample solution after Stage 1 sonication, optical
images have also been taken and used with image analysis
to characterize the diameters and the area fraction occu-
pied by the CNT agglomerates after Stage 2 sonication.

While TEM images were obtained directly after Stage
1 sonication, we now investigate the resulting
nanocomposites after subjecting the samples to a Stage
2 sonication time of 10 min. Figure 5 shows representative
optical images of PCL/CNT samples subjected to different
durations of Stage 1 sonication (followed by 10 min of
Stage 2 sonication). It can be observed that as Stage 1 soni-
cation time increases, the size of the CNT agglomerates
decreases, with changes in the sizes of the agglomerates
less discernible in samples subjected to longer sonication
duration.

For each Stage 1 sonication time, 24 images similar to
those shown in Figure 5 were used to analyze the distri-
bution of the areas of the CNT agglomerates. Each of the
images was analyzed using ImageJ software, with
thresholding using the Triangle algorithm available
within the software.

Figure 6a shows the distributions of the CNT agglom-
erate surface areas for different Stage 1 processed sam-
ples. Assuming that the surface areas of the agglomerates

would be proportional to the volumes and hence the sizes
of the agglomerates, Figure 6a suggests that Stage 1 soni-
cation reduces the size of the agglomerates. It is observed
that the number of agglomerates with surface areas less
than 1–10 μm2 increases as the Stage 1 sonication time is
increased. Thus, the Stage 1 sonication appears to play a
significant role in CNT disentanglement which ulti-
mately enables better distribution within the PCL matrix
polymer.

Figure 6b shows the average surface areas of the CNT
agglomerates found using optical microscopy and image
analysis. The average surface areas of the CNT agglomer-
ates reduce from nearly 4.5 to 3.1 μm2 for samples sub-
jected to Stage 1 sonication durations of 15 and 30 min,
respectively. On the other hand, it is observed that the
average area of the CNT agglomerates only slightly
reduces from 3.1 μm2 to approximately 2.6 μm2 as the
Stage 1 sonication duration is further increased from
30 to 90 min, indicating that continued Stage 1 sonication
becomes less effective in reducing the agglomerate size
once a critical sonication time (for a given sonication
power) has been reached.

The distributions of the area fractions of the CNT
agglomerates as a function of the sonication time are
shown in Figure 7. At each sonication time, 24 images
were collected and analyzed and the corresponding
mixing index values were computed based on Equa-
tion (5). It is observed that the mixing index first
increases from 15 to 30 min of mixing but decreases as
the sonication time is increased from 30 to 60 and 90 min
of Stage 1 sonication. This suggests that although there is

FIGURE 4 Transmission electron microscopy images of

carbon nanotubes subjected to different Stage 1 sonication times:

(a) 15, (b) 30, (c) 60, and (d) 90 min. Images taken at ×20,000 and

scale bars represent 100 nm [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 5 Optical images of carbon nanotubes subjected to

different Stage 1 sonication times: (a) 15, (b) 30, (c) 60, and

(d) 90 min followed by 10 min of Stage 2 sonication. Images taken

at ×20 and scale bars represent 50 μm [Color figure can be viewed

at wileyonlinelibrary.com]
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a monotonic decrease of the agglomerate sizes with
increasing sonication time (Figure 6b) the homogeneity
of the spatial distribution of the agglomerates only
improves going from 15 to 30 min of sonication. This is
followed by the deterioration of the homogeneity of the
spatial distribution of the CNTs within the solvent with
the increasing of the Stage 1 sonication times beyond
30 min.

TEM images suggest the reduction of CNT lengths
(and hence CNT aspect ratios) with increasing Stage
1 sonication times. The results from UV–vis spectroscopy
and optical microscopy coupled with image analysis sug-
gest that the highest degree of spatial homogeneity is
obtained at 30 min of Stage 1 sonication. Furthermore,
optical microscopy suggests that the sizes of the CNT
agglomerates are gradually/asymptotically reduced while

there is an increase in the variance of the CNT agglomer-
ate sizes. The findings from optical image may simulta-
neously promote a complex coupling of CNT damage and
demixing mechanisms.

3.4 | Rheological characterization

Linear viscoelastic properties were characterized for the
PCL/CNT suspensions at 80�C at 1% strain amplitude.
Figure 8 shows the log–log plot of the storage modulus
response of PCL incorporated with 0.5 wt% CNT for dif-
ferent Stage 1 sonication times (all samples were sub-
jected to 10 min of Stage 2 sonication). Also shown in the
figure are the 95% confidence interval bars. Figure 8
shows that as the Stage 1 sonication time is increased
from 15 to 30 min, the storage modulus also increases
over the frequency range of 1–100 rad/s, with larger dif-
ferences noted at lower frequencies. Greater values of
storage modulus are indicative of a greater elasticity. This
indicates that for the PCL/CNT samples subjected to
30 min of Stage 1 sonication, the CNTs were able to form
an effective particle-to-particle network which increased
the elasticity of the nanosuspension in comparison to
those sonicated at lower sonication times.

However, when the Stage 1 sonication time is
increased from 30 to 60 or 90 min, the storage modulus
of the corresponding PCL/CNT samples decrease to
values that are lower than the storage modulus for the
30 min Stage 1 sonicated samples. Overall, these findings
suggest that the CNT network in the PCL matrix initially
improves for samples subjected to 30 min of Stage
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1 sonication. However, it appears that for samples sub-
jected to 60 or 90 min of Stage 1 sonication, the network
formation and distribution of the CNT aggregates in the
samples have been negatively affected. These results fol-
low the same trend observed with the UV characteriza-
tion of the Stage 1 CNT/solvent state as shown in
Figure 2. These results also suggest that the relative dis-
persion and distribution states of the CNTs obtained after
sonication of CNT/solvent is maintained during and after
the Stage 2 sonication step.

3.5 | Shear-induced crystallization
studies

Melts of semicrystalline polymers undergo accelerated
crystallization under flow and deformation. CNTs can act
as heterogeneous nucleating agents and accelerate the
rate of crystallization under flow; they may also impact
the crystallite morphology which results from shear-
induced crystallization in comparison to crystallization
under quiescent conditions.[42,43] Thus, the dispersion
states and the sizes of the CNT agglomerates, and the
associated changes in the surface areas of CNTs available
for nucleation of the crystallites to occur, should play sig-
nificant roles during the development of shear-induced
crystallization behavior.[24,25]

A semilog plot of the shear-induced crystallization
behavior of PCL/CNT nanocomposite samples with
0.5 wt% loading of CNTs is shown in Figure 9. The 95%
confidence interval bars are also shown in Figure 9. The

experiments were carried out via time scans of the linear
viscoelastic material functions at 55�C with a constant
strain amplitude of 1% and a constant frequency of 1 rad/
s. The temperature of the experiment, 55�C, is above the
quiescent crystallization temperature of the samples
(as indicated using differential scanning calorimetry at
cooling rates of 10�C/min, crystallization occurs around
28�C for pure PCL and around 38�C for the PCL/CNT
nanocomposite).

It is observed in Figure 9a that for times less than
1,000 s (prior to the induction time where the storage
modulus begins to increase), the 30 min Stage 1 PCL/CNT
samples exhibit higher storage modulus values in
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comparison to PCL/CNT samples for which the
CNT/solvent was sonicated for 15, 60, or 90 min. These
results also match the trend in linear viscoelastic mate-
rials functions in the melt condition as shown previously
in Figure 8.

Figure 9b shows that after an initial period of a few hun-
dreds of seconds, the relative storage modulus of the
PCL/CNT samples (storage modulus of the nanosuspension
over the storage modulus of the PCL binder at the same fre-
quency) exhibit monotonic increases with time. Since in our
previous work we have shown that pure PCL control sam-
ples do not undergo shear-induced crystallization over the
time span of 12,000 s under these conditions,[24,25] the
increases in the dynamic properties with time during oscilla-
tory shearing are attributed to shear-induced crystallization
promoted by the presence of the CNTs. It is also observed
that the nanosuspension samples subjected to longer
CNT/solvent sonication times exhibit faster shear-induced
crystallization in comparison to those samples that were
subjected to shorter sonication times. Our previous work
suggests that shear-induced crystallization is very sensitive
to different dispersion states arising from different sized
agglomerates and can thus differentiate differences in dis-
persion states due to reagglomeration.[24,25]

From Figure 9, it could be hypothesized that as the son-
ication time of CNT/solvent increases, and as the CNT
aggregates are being broken down to a greater extent with
increasing sonication time (Figure 6b), greater CNT surface
areas become available for nucleation. With the availability
of greater surface area for nucleation, the crystallization
rate becomes faster which is reflected in the corresponding
rate of increases of the dynamic properties. Shorter induc-
tion times are observed for PCL/CNT samples with longer
Stage 1 sonication times. The variation of the confidence
intervals of the dynamic properties with increasing sonica-
tion time should also be noted. The breadths of the confi-
dence intervals increase with increasing sonication time,
presumably due to the deterioration of spatial homogeneity
of the CNTs observed in the UV absorbance at 500 nm data
(Figure 3) and area percentage occupied by CNT aggregates
from optical images (Figure 7).

3.6 | Mechanical properties

Figure 10 shows the tensile modulus of the PCL/CNT
nanocomposites as a function of the Stage 1 sonication
time. The tensile modulus of PCL/CNT samples subjected
to 30 min of Stage 1 sonication is greater than those of
PCL/CNT samples subjected to 15, 60, or 90 min of Stage
1 sonication. This trend is consistent with the variation of
the storage modulus at 80�C as a function of the sonica-
tion time (see Figure 8) and confirms that the ultimate

properties of the PCL/CNT nanocomposite initially
increase as the dispersion and distribution of CNTs
improve in the polymer, ultimately reaching optimal states
beyond which the elastic modulus and the tensile modulus
decrease with increasing sonication time, consistent with
the optimum values of mixing indices observed at 30 min
of sonication time (see Figures 3 and 7).

3.7 | Electrical conductivity
characterization of the PCL/CNT
nanocomposite

The electrical conductivity of PCL/CNT nanocomposites
with different Stage 1 sonication times is presented in
Figure 11. The electrical conductivity of the PCL/CNT
samples processed with 30 min of Stage 1 sonication was
higher than the PCL/CNT samples subjected to 15, 60, or
90 min of CNT/solvent sonication. This again confirms
that the CNT network formation for the samples, which
initially improves going from 15 to 30 min of CNT/solvent
sonication, deteriorates as the CNT/solvent sonication
time is further increased beyond 30 min. This suggests that
the additional sonication has led to “demixing” associated
with overmixing at these longer sonication times.

It is observed that the electrical conductivity values of
PCL/CNT nanocomposites with 0.5 wt% CNT measured
here are in the 10−7–10−5 S/cm range. This range is con-
sistent with the reported electrical properties for PCL
nanocomposites with 0.5 wt% CNT loading from the liter-
ature. This range of values is associated with the different
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states of distributive and dispersive mixing, the agglomer-
ate sizes, the CNT aspect ratios, and the CNT network
formation which all depend on the dynamics of the
mixing conditions.

The same electrical characterization procedure was
repeated for samples with different CNT concentrations
to understand the percolation threshold for the
PCL/CNT nanocomposite samples. As shown in
Figure 12, for CNT concentrations of 0.0015 volume
fraction (0.3 wt%) and 0.0044 volume fraction (0.8 wt%),
the samples follow a similar trend in the electrical con-
ductivity behavior as a function of the Stage 1 mixing
time as the 0.0027 volume fraction (0.5 wt%) CNT sam-
ples described in Figure 11. It is also observed that as
the concentration is increased to 0.0055 volume fraction
(1 wt%) or 0.010 volume fraction (2 wt%) of CNTs, the
different Stage 1 mixing times do not show any appre-
ciable difference in the electrical conductivity. Thus
greater sensitivities (greater gains) in electrical conduc-
tivity to different mixing conditions are observed for
samples with lower concentrations of CNTs in the
PCL/CNT nanocomposite system. Based on Figure 12,
for nanocomposites with lower concentrations of CNTs,
that is, for PCL/CNT samples with 0.0015 volume frac-
tion (0.3 wt%) CNTs, the electrical conductivity shifts
from insulating (10−10 S/cm) at 15 min of Stage 1 sonica-
tion to conducting (10−7 S/cm) for samples subjected to
30 min of Stage 1 sonication.

It has been hypothesized that near the CNT percola-
tion concentration ϕc, the DC electrical conductivity of
the composite follows the relation

σDC =C ϕ−ϕcð Þt, ð6Þ

where ϕ is the concentration of CNTs added and C is a
constant which is fit to the experimental data.[20,52] Gener-
ally, the exponent t is assumed to only be a function of the
dimension of the percolation system.[53] The value of t lies
between 1.33 for a two-dimensional system and 2.05 for a
three-dimensional system.[52–54] Assuming here a three-
dimensional system with t = 2.05, the data in Figure 12
were curve fit to Equation (6) such that the electrical per-
colation threshold concentrations for different mixing con-
ditions were determined as shown in Table 1. The lowest
value for the percolation threshold occurs at 30 min of
Stage 1 sonication time, with even longer Stage 1 sonica-
tion times resulting in larger values of the percolation
threshold, which is attributed to the documented poorer
distribution of the CNTs within the PCL binder.
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TABLE 1 Percolation threshold values obtained for PCL/CNT

samples as a function of Stage 1 sonication time (all samples

underwent Stage 2 sonication for 10 min)

Stage 1 sonication
time (min)

Percolation threshold
concentration (φc)

Constant
(C)

15 0.00268 18.52

30 0.00158 32.30

60 0.00234 33.83

90 0.00258 35.83

Abbreviations: CNT, carbon nanotube; PCL, polycaprolactone.
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Li et al. fabricated epoxy nanocomposites using vari-
ous techniques to achieve different states of CNT disper-
sion and characterized these samples using electrical
conductivity.[23] To characterize the resulting electrical
percolation thresholds, they developed a theoretical
model based on the concept of improved interparticle dis-
tance, where CNTs could be either entangled in agglom-
erates or isolated as individual CNTs, such that[23]

φc =
ξεπ

6
+

1−ξð Þ27πd2
4l2

, ð7Þ

where ε is the localized volume content of the CNTs in
an agglomerate (describing how tight the entanglement
is) and ξ is the volume fraction of the agglomerated CNTs
within the binder. The parameter ε can have values
between the filler volume fraction and 1, where higher
values of ε indicate poorer dispersion. On the other hand,
ξ can have values between 0 and 1, where 0 indicates no
agglomeration and 1 indicates all the filler volume is
agglomerated. Based on their model and corresponding
analysis of experimental data, Li et al. found that the
aspect ratio would play an important role in the percola-
tion threshold.[23]

Based on Equation (7), the percolation threshold vol-
ume fractions can be plotted as a function of aspect ratio
as shown in Figure 13. Also shown in the figure are the
experimental percolation values determined for the dif-
ferent Stage 1 sonication times reported in Table 1. The
experimental percolation threshold values have been

represented as a series of symbols over a range of aspect
ratios based qualitatively on evidence of the shortening of
CNT length based on the characterization results pres-
ented above. In Figure 13, the curves are based on one
set of parameter values ε and ξ which appear to fit the
experimental percolation threshold range. It is clear from
Figure 13 that the effect of a reduction in CNT aspect
ratio on the percolation threshold would only become
noticeable once the aspect ratio is less than 200–400.

4 | DISCUSSION

A two-stage sonication/mixing process has been applied
to distribute (to achieve spatial homogeneity) and dis-
perse (to reduce the agglomerate sizes) CNTs first in a
DCM solvent and then in a PCL binder followed by the
removal of the solvent. Various methods were applied to
show that there are optimal mixing/sonication conditions
for CNT/solvent nanosuspensions. The use of an electri-
cal conductivity probe allowed the monitoring of the
electrical conductivity during Stage 1 sonication. It was
observed that the CNT/solvent nanosuspension
exhibited a maximum conductivity at 30 min of sonica-
tion. This suggested that the CNTs could be well distrib-
uted and dispersed at 30 min of sonication but that the
distribution and dispersion states deteriorated with
increasing sonication time. Other analysis methods
including TEM, UV–vis absorbance, and optical micros-
copy supported this conclusion. For example, in UV–vis
spectroscopy, the absorbance first increased as the Stage
1 sonication time was increased from 15 to 30 min and
then decreased with longer (60 and 90 min) sonication
time (Figure 3). Because absorbance is directly related
to the concentration of individual CNTs, the UV–vis
characterization results support the activation of a dem-
ixing mechanism for sonication durations greater than
30 min.

Furthermore, TEM images (shown in Figure 4) pro-
vide direct evidence that both CNT length scission and
local reagglomeration also occur at sonication times lon-
ger than the optimal (30 min) identified with electrical
conductivity and UV–vis spectroscopy of CNT/solvent
nanosuspensions. This interpretation would also be con-
sistent with reports from the literature.[5,9]

Effective nanocomposite properties such as tensile
modulus (Figure 10) and electrical conductivity
(Figure 11) demonstrated optimal properties at 30 min of
Stage 1 sonication, with properties deceasing as the soni-
cation time was further increased. However, the CNT
aggregate sizes in PCL decreased monotonically with
increasing Stage 1 sonication time. In addition, the induc-
tion times for shear-induced crystallization were also
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smallest for 90 min of Stage 1 sonication and increased
monotonically with decreasing Stage 1 sonication time.

Based on the optical image analysis of the PCL/CNT
samples shown in Figure 6, it is observed that the average
area of the CNT agglomerates reduces asymptotically as
the Stage 1 sonication time increases. However, if only
the CNT damage mechanism was present during the son-
ication process, then the size of the CNT agglomerates
would continue to decrease and the UV–vis absorption
spectra would continue to increase as a function of soni-
cation time. In addition, if only the CNT damage mecha-
nism were to occur, then the distribution of the CNTs
would increase and reach a plateau state beyond which
the distribution of the CNTs would not be significantly
affected with excessive sonication times, which is not
consistent with the results obtained in this work.

The mixing index analysis of the average area fraction
of CNTs in PCL (see Figure 7) shows that the distribution
of the CNT agglomerates first increases, then reaches a
maximum value, and then decreases as the Stage 1 sonica-
tion time further increases. A similar conclusion was
observed from the shear-induced crystallization results,
where it was observed that the induction time reduces as
Stage 1 sonication time increases, indicating that more
CNT surface area becomes available for nucleation as the
sonication time increases. The variation in the dynamic
properties for the shear-induced crystallization behavior
and the decrease in the mixing index values support the
reagglomeration mechanism, and that the distribution of
CNTs is negatively affected with excessive Stage 1 sonica-
tion. However, if only reagglomeration of CNTs were to
occur after excessive sonication, the CNT agglomerates
would first decrease in size with increasing sonication,
and then increase in size for excessive sonication, which
would be reflected in the corresponding optical image
analysis, TEM images, and shear-induced crystallization
behavior. However, as this is not the case, we conclude
that both damage and demixing mechanisms occur
concomitantly.

Similarly, the results obtained from the dynamic melt
properties and the solid state electrical conductivity of
the PCL/CNT nanocomposite samples suggest the initial
formation of a (partial/weak) CNT network with the
increase in dispersion and distribution of the CNTs with
30 min of Stage 1 sonication time, with further sonication
leading to a deterioration of the network, a decrease in
electrical conductivity, and a reduction in the storage
modulus. This also results in the peak mechanical prop-
erties observed for 30 min of Stage 1 sonication time
shown in Figure 10. Thus, based on the inferences drawn
from these different characterization techniques, it can
be postulated that the CNT agglomerates begin to break
down and distribute through the solvent volume with

15 min of Stage 1 sonication, and that the distribution
reaches optimal conditions at 30 min of sonication time.
However, a further increase in Stage 1 sonication dura-
tion up to 60 or 90 min appears to lead to both CNT dam-
age and demixing mechanisms as shown in Figure 14.
This demixing leads to some reagglomeration of the
CNTs in the polymer matrix, and in combination to CNT
damage induced by the excessive sonication leads to a
deterioration of the CNT network during mixing and a
subsequent reduction in nanocomposite properties.

5 | CONCLUSIONS

While the literature suggests that CNTs can be either dam-
aged or demixed during processing, several complemen-
tary techniques presented in the current study suggest that
multiple mechanisms are likely activated at sonication
times that are longer than the optimum (30 min for this
PCL/CNT nanocomposite system). For example, results
from optical analysis and shear-induced crystallization
suggest that the CNT agglomerate sizes monotonically
decrease as the Stage 1 sonication time continues to
increase. On the other hand, the homogeneity of the CNT
spatial distributions as represented by the electrical con-
ductivity and the mixing index values indicate an optimal
Stage 1 mixing time for the system. In addition, UV–vis
spectra indicate that samples subjected to longer Stage
1 sonication exhibit demixing or rebundling of CNTs at
long times. These optimal conditions are also reflected in
the development of viscoelasticity as well as the tensile
and electrical properties of the CNT/PCL nanocomposites,
with these properties reaching maximum values at the
optimal Stage 1 sonication time of 30 min. The docu-
mented demixing and reagglomeration that occurs at

FIGURE 14 Schematic of the carbon nanotube dispersion

and distribution in the solvent as the Stage 1 sonication time is

increased from 15 to 90 min
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longer sonication times in turn leads to the deterioration
of the mechanical and electrical properties. Furthermore,
TEM images further appear to show direct evidence of
CNT damage at longer Stage 1 sonication times.

Together, our findings suggest that both mechanisms
of demixing and damage of the CNTs coexist at longer
than optimum sonication times. The inferences from these
multiple characterization techniques clearly show the neg-
ative impact of excessive ultrasonication on the dispersion
and distribution of the CNTs and emphasize the impor-
tance of finding the optimum mixing conditions.
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