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ABSTRACT

A processing approach, microcombing, has been reported recently to produce dry carbon nanotube (CNT)
films with superior mechanical and electrical properties by taking advantage of its efficiency in
straightening the wavy CNTs and aligning the strands. Here, we report the fabrication of CNT composite
films with aligned CNTs and CNT strands, reduced waviness, high CNT weight fraction, and relatively
uniform CNT distribution, using poly(vinyl alcohol) (PVA) as a model matrix. These structural features
give the micro-combed CNT/PVA composite films electrical conductivity of 1.84 x 10° S/m, Young's
modulus of 119 GPa, tensile strength of 2.9 GPa, and toughness of 52.4 J/cm?, which improve over those
of uncombed samples by 300%, 100%, 120%, and 200%, respectively, and are also much higher than those
obtained by other processing approaches. Moreover, this method is expected to be applicable to various
polymer matrices as long as they can be dissolved in the solution.
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1. Introduction

Carbon nanotubes (CNTs) possess remarkable mechanical [1,2]
and electrical properties [3]. In combination with their low den-
sity and high aspect ratio, CNTs are ideal candidates as advanced
reinforcements for nanocomposites, which offer tremendous op-
portunities for developing multifunctional materials, such as
structural composites, transparent electrodes, energy storage de-
vices, field and thermionic emission electron sources [4—7]. For
decades, CNT/polymer composites have been the focus of scientific
research. Various techniques have been explored to achieve orga-
nized CNT structures with superior performance, from short-CNT-
reinforced polymer fibers [8—10] to long and aligned CNT/poly-
mer composite films [11,12], from solution-based methods [13—17]
to dry-processable approaches [18—24].

CNTs have one-dimensional tube structures with unidirectional
mechanical, electrical, and thermal properties. Therefore, it is of
great importance to control their orientation and configurations
when assembling them into macroscopic composites [5,25].
Studies have shown that the excellent intrinsic properties of CNTs
can be better utilized when unidirectionally-aligned long
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nanotubes are assembled in a composite structure with a high CNT
fraction [7,16,18,19], and nanotube waviness is a critical factor that
limits the overall performance of CNT composites [20,23,26].

Recently, our group reported a novel approach known as
“microcombing” to fabricate dry, pure CNT films (without any
matrix) by utilizing unidirectionally-aligned long nanotubes [27].
By passing a single layer of CNT sheet through micro-scale rough
edges of surgical blades, the microcombing process straightened
wavy CNTs, reduced the impurities in the film structure, and
increased the film packing density and uniformity, which in turn
greatly improved the properties of the assembled CNT films. The
method is simple and reliable to fabricate CNT films with repro-
ducible properties. However, the greatly improved CNT straightness
and packing density may cause another issue — strand agglomer-
ation — in the films, which causes problems when this kind of CNTs
are used to produce CNT/polymer composites. It is believed that the
high performance CNT/polymer composites require the CNTs to be
well dispersed in order to achieve a good interfacial load transfer
with the polymer matrix [13,14]. This casts doubt on if the micro-
combing method can be used to fabricate high performance CNT/
polymer composites. This is an issue that we need to address,
otherwise our method will only have limited applications.

In this study, we incorporated our microcombing method into a
one-step winding approach [20] to fabricate CNT/polymer
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composites. A layered composite structure was designed as it could
maintain the aligned structure of nanotubes, realize high CNT
loading, and ensure intimate interaction between the matrix and
nanotubes, all of which promoted load transfer [28,29]. PVA was
used as a model matrix in our study to represent other soluble
polymer matrices, because it has great processability and excellent
adhesive property, and has been widely used to enhance the
strength of CNT yarns and films [16—19,21,30]. Moreover, PVA is
biocompatible and nontoxic. The CNT/PVA yarns and films can be
made into fabrics which show potential applications in spacesuits,
bullet-proof vests, and radiation protection suits. In addition, they
are promising materials for bioapplications [18,31].

It is found that the as-produced micro-combed CNT/PVA com-
posite films are strong (2.9 GPa) and stiff (119 GPa), which are much
higher than other reported values for CNT/PVA composite yarns
and sheets. They also exhibit a high toughness of 52.4 Jjcm? and a
high electrical conductivity of 1.84 x 10° S/m at a high CNT weight
fraction of ~75%. Moreover, this method is simple, reliable, and
reproducible, which provides for a new way to produce high per-
formance CNT/polymer composites at large scale and low cost,
while a wide range of soluble polymer matrices can be utilized.

2. Experimental
2.1. Growth of CNT arrays

The drawable CNT arrays used in this study were synthesized
using a chemical vapor deposition method, as described in our
previous work [22]. Briefly, electron-beam evaporation technique
was used first to prepare the catalyst by depositing an alumina
layer (20 nm) and an iron layer (1 nm) on a silicon substrate with
thermal oxide (30 nm). Then, this substrate was put in a 5-inch
quartz tube to grow CNT array at 740 °C. A gas mixture of argon
with 6% hydrogen and pure ethylene were used for CNT growth. The
total flow rate of gases was set at 1.5 L/min. After growing for
15 min, the array was approximately 200 pm in height. Most
nanotubes have 2—5 walls and are 4—8 nm in diameters (Fig. 1).

2.2. Preparation of the polymer solution

PVA (MW = 75,000—80,000, >99.0% hydrolyzed) was pur-
chased from Sinopharm Chemical Reagent Co., Ltd. The PVA solu-
tion used in the experiment had a concentration of 0.1 wt.%, which
was found to be optimal in our previous study [19]. The solution
was prepared by dissolving PVA into equal volume of deionized
water and ethanol.

2.3. Fabrication of the micro-combed CNT/PVA composite films

The experimental setup of microcombing for making the CNT/
PVA composite films is shown in Fig. 2. The microcombing zone
consisted of a pair of sharp surgical blades, which were positioned
oppositely. A layer of CNT sheet was drawn from a drawable CNT
array, and then went through the microcombing zone. The contact
angle between the CNT sheet and the blade was controlled at
80°~85°, and the inter-blade distance was set at about 6 cm
(Fig. 2b). In the microcombing zone, micro-scale rough edges of the
surgical blades acted as combs that straightens the wavy CNTs and
provides better CNT alignment. A rotating mandrel with a diameter
of 3 cm was used to wind the CNT sheet into macroscopic film at a
rotational speed of 20 r/min. The PVA matrix was applied on the
CNT sheet layer-by-layer using a needle. And another needle was
bent into 90° and placed at 1 o'clock position of the rotating
mandrel. The needles had a diameter of 0.65 mm. The bent-needle
contacted the surface of the mandrel so that a little pressure from
the needle's weight was applied to the CNT sheet. The PVA solution
was applied in between the mandrel and the bent-needle at a rate
of about 0.3 g/min. In this way, the bent-needle surface helped to
spread the matrix more uniformly compared with only the drop-
process [20].

Two hundred revolutions produced a film with a thickness of
about 4 um. The CNT film was then peeled off from the mandrel and
hot-pressed under a pressure of 10 MPa at 80 °C for 2 h followed by
160 °C for another 2 h in order to remove air bubbles and improve
CNT-polymer integration. The hot-pressing reduced film thickness

Fig. 2. Experimental setup of the one-step approach of making CNT/polymer com-
posite films.

Fig. 1. TEM images showing the diameter and number of walls of individual CNT.
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to about 3 pm.
For comparison, CNT/PVA composite films without micro-
combing were produced using the same parameters.

2.4. Characterization methods

Transmission electron microscopy (TEM, JEOL-2010F) analysis
was conducted at 200 kV to reveal the diameter and number of
walls of individual nanotubes. The CNT alignment was studied by
both scanning electron microscopy (SEM, Verios 460L) and X-ray
diffraction (XRD). Azimuthal scans of the XRD measurements were
performed using Rigaku SmartLab with Eulerian cradle equipped
with Cu rotating anode (Ko wavelength of 1.5418 A). Each pattern
was measured using a step size of 1° and a scan rate of 1°/s at
20 = 23.5°. The fracture surface morphology of the as-produced
films was also analyzed by SEM. Weight fractions of the CNT
composites were determined by thermogravimetric analysis (TGA,
Perkin Elmer Pyris 1) in nitrogen (99.999%) at a heating rate of
10 °C/min.

A 4-probe Agilent 34410A 6.5 digit multimeter was used to test
the electrical conductivity of the films along the CNT alignment
direction. Electrodes were made of silver by magnetron sputtering.
Tensile test specimens were prepared by cutting the as-produced
films into narrow strips, which were typically 1 mm wide and
10 mm in gauge length. The width of the specimen was measured
using a calibrated scale bar in an optical micrometer. The thickness
was measured by a micrometer and further confirmed by SEM. The
specimens were tested in tension by an Instron 3365 tensile testing
machine using a load cell of 10 N and a displacement rate of
0.5 mm/min. In order to calculate the film density, the weight of
each specimen was measured using a MX5 microbalance (Mettler-
Toledo, Inc.), which had an accuracy of 1 pg.

3. Results and discussion

3.1. Morphologies of the uncombed and combed CNT/PVA
composite films

Fig. 3 presents SEM images showing both the surface mor-
phologies and the fracture surfaces of uncombed and combed CNT/
PVA composite films. As shown, microcombing produced CNT/PVA
composite films with straighter CNTs, improved alignment,
enhanced nanotube packing, and increased film uniformity, which
was consistent with the results from our previous study on dry CNT
films [27]. The CNT alignment can also be characterized by the
anisotropic angular distribution intensity of the (002) reflection,
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Fig. 4. The integrated X-ray intensity of the (002) reflection along the 26 axis versus
the azimuth (¢) before and after microcombing.

Fig. 3. SEM images showing the differences of surface morphologies and the fracture surfaces between the uncombed and combed CNT/PVA films.
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which is related to the inter-wall distance of nanotubes [32—34]. A
non-uniform (002) intensity indicates the CNTs are aligned. Fig. 4
shows the integrated X-ray intensity of the (002) reflection along
the 260 axis versus the azimuth (¢). Two peaks are centered at
¢ = —1° and 178°, respectively, indicating a preferred orientation
of nanotubes. The full width at half-maximum (FWHM) of the
uncombed films is approximately 25°, while that of the combed
films is about 23°, demonstrating an improved alignment of the
CNTs by microcombing [32].

The CNT-polymer interaction is an essential factor that affects
the efficiency of load transfer across the CNT-polymer interface
[30]. Traditional infiltration method usually involves a densely-
packed CNT film infiltrated with polymer matrix, where the
nanotubes are not uniformly distributed in the matrix [12]. The
“spray-winding” approach enables the polymer to be infiltrated
into each layer of the CNT sheet with a more uniform CNT distri-
bution [19,21,23]. However, the airflow generated by the sprayer
usually disturbs the CNT alignment in the as-wound CNT sheet. The
matrix-applying method used in the microcombing approach
avoided this issue by applying polymer matrix using the smooth
surface of a needle (Fig. 2). This method allowed CNTs to interact
with the PVA matrix at molecular level with higher CNT-matrix
contact area than that produced by the “spray-winding”
approach, leading to more effective load transfer. As shown in Fig. 3
(c) & (d), the as-produced composite films exhibited a layered
structure with PVA matrix homogeneously wrapping the CNT
strands. The combed films showed a more severe strand agglom-
eration than the uncombed ones, since the CNTs were straighter
and packed denser. In addition, the combed composites exhibited
reduced defects along the axial direction of the composites, thus
they were more likely to be torn apart instead of fracturing during
tensile deformation (Fig. 5). The delamination was more severe for
the combed films than the uncombed ones, suggesting the forma-
tion of strong CNT strands by microcombing. Therefore, it has been
a challenge to take SEM images of the fracture surfaces of the
combed CNT/PVA composite films. The as-produced CNT/PVA
composite films had a high CNT weight fraction of ~75%, as calcu-
lated from the TGA results (Fig. 6), which helped to enhance the
mechanical properties of the composites.

3.2. Electrical properties

The electrical conductivities of the uncombed and combed CNT/
PVA composite films are shown in Fig. 7 (also Table S1 in the sup-
plementary material), and they are compared with the values re-
ported for the uncombed and combed dry CNT films [27].
Microcombing increased the electrical conductivity of the CNT/PVA
films by 300% from 0.45 x 10> S/m to 1.84 x 10° S/m, which was to
our knowledge higher than any other reported values for CNT/PVA
composite yarns and films [18,19,21]. This improvement could be
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Fig. 7. Electrical conductivity of the CNT/PVA composite films in comparison with that
of the dry CNT films.

accredited to the enhanced nanotube alignment, straightness, and
packing by microcombing (Fig. 3), which resulted in increased
inter-tube contact area for more efficient electron transfer [35,36].
The enhanced packing could be inferred from the increased film
density: 0.86 g/cm? for uncombed CNT/PVA composite films, and

1cm

Fig. 5. Photos showing the fracture of the uncombed (a) and combed (b) CNT/PVA films.
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Table 1

Summary of mechanical properties of the as-produced uncombed and combed CNT/PVA composite films.

Film type Density (g/cm?) Young's modulus (GPa) Tensile strength (GPa) Strain (%) Toughness (J/cm?)
Uncombed CNT/PVA films 0.86 60 + 4 1.3 +0.04 2.7+02 174 + 1.8
Combed CNT/PVA films 0.96 119+6 29 +02 3.1+02 524 +52
Improvement 12% 100% 120% 15% 200%

0.96 g/cm’ for combed ones (Table 1).

Interestingly, the incorporation of the insulating PVA matrix
decreased the average electrical conductivity of the uncombed
films, but did not decrease the conductivity of the combed films. In
particular, the combed CNT/PVA composite films showed 3.4%
(6 x 10 S/m) higher average electrical conductivity than the
combed dry CNT films. This phenomenon was also found in the
reported work of CNT/PVA yarns and films [18,19]. Since electron
transfer was largely controlled by the contact area between the
nanotubes, the wrapping of the insulating PVA around the CNTs
generated an insulating barrier which decreased the inter-tube
contact area, leading to a decreased electrical conductivity of the
uncombed CNT/PVA films. In comparison, when the CNTs were
combed and had a closer inter-tube distance, CNT strand agglom-
eration occurred and the PVA molecules were hardly able to
penetrate into those highly packed strands. Instead, the PVA matrix
might have helped wrap the strands together, maintaining the close
contact of the individual nanotubes against each other. In the
combed dry CNT films, the film structure was loose and the contacts
between the CNTs were not stable. Therefore, the combed dry CNT
films showed slightly lower average electrical conductivity than the
combed CNT/PVA films, but larger standard deviation. In this case,
CNT strand agglomeration caused by microcombing did not impair
the electrical properties of the as-produced composites, but it
helped the electron transfer instead.

3.3. Mechanical properties

The mechanical properties of the uncombed and combed CNT/
PVA composite films are summarized in Table 1. Fig. 8 displays their
typical stress—strain curves. The Young's modulus (60 GPa) and
tensile strength (1.3 GPa) of the uncombed composite films were
comparable to the reported values of the CNT/PVA films made of
the same CNTs [19]. After microcombing, the films' Young's
modulus showed about 100% improvement to 119 GPa, and their
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Fig. 8. Typical stress—strain curves of the uncombed and combed CNT/PVA films.

tensile strength showed about 120% improvement to 2.9 GPa,
which were quite significant. Compared to our dry CNT films re-
ported previously (Young's modulus: 172 GPa, tensile strength:
3.2 GPa) [27], the Young's modulus and tensile strength both
decreased after adding the PVA matrix. However, the total tensile
load of the composite film was actually higher than that of the dry
film with similar CNT quantity, but the addition of the matrix
increased the thickness of the samples, which in turn resulted in
reduced values of Young's modulus and tensile strength, which
were normalized by the film thickness. In other words, the lower
Young's modulus was caused by lower CNT volume fraction in the
CNT/PVA composite sample than in the dry pure CNT films if the
void space was taken as matrix in the latter. Moreover, the PVA was
a thermal plastic that could act as lubricant between the CNT
strands, which inevitably made the composite films less stiff during
deformation. Therefore, the Young's modulus showed a larger de-
gree of decrease than the tensile strength. The mechanical prop-
erties of the combed CNT/PVA films were much higher than those
reported for CNT/PVA films and yarns [18,19]. Microcombing
straightened the wavy CNTs, and packed them denser and more
uniformly, which improved their mechanical properties.

Examination of Fig. 8 also revealed a few interesting phenom-
ena. First, the stress—strain curves of the combed CNT/PVA com-
posites were serrated before failure. In other words, the total stress,
which was calculated as the total load divided by the initial cross-
sectional area of the sample, had several abrupt drops and slow
rises before the final failure. In contrast, no such obvious serrations
were on the stress—strain curves of the uncombed CNT/PVA sam-
ple. This phenomenon was apparently caused by the successive
fracture of individual large CNT strands in the combed sample.
When a large CNT strand was broken, the load carried by the strand
was suddenly reduced to zero, which caused an abrupt large drop
in the total load carried by the sample. This led to an abrupt drop in
the apparent stress in the stress—strain curve. The stress continued
to increase slowly as the remaining CNT strands were strained
further. The above process might repeat itself a few times before
the final failure of the composite sample. Such a large abrupt load
drop could only be caused by the fracture of large CNT strands. The
fracture of individual CNTs or small CNT strands would not lead to
observable stress drops because they did not carry high enough
load individually. The uncombed CNT/PVA composite samples did
not show such serrated stress—strain curves, indicating that no
large CNT strands were formed in the sample. This is another evi-
dence on the promotion of large CNT strands by microcombing,
which is consistent with the aforementioned big increase in elec-
trical conductivity by microcombing.

Second, the strains to failure of the CNT/PVA films were larger
after microcombing (Fig. 8), which suggested that during tensile
deformation, combed CNTs were more likely to slide against each
other than to break. The enhanced tensile strength and strain
significantly increased the film toughness by 200% from 17.4 J/cm>
to 52.4 ]/cm> (Table 1). This is another consequence of formation of
large CNT strands promoted by microcombing. Any future studies
on the micro-combed CNT composites should take into account this
structural feature.

The simplicity of the microcombing also makes properties of our
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composites reproducible, which is of great importance since
reproducibility has been a challenge in CNT composites fabrication.
For several samples we have made, the mechanical behavior of both
the uncombed and the combed CNT/PVA composite films are in
good consistency, as shown in Fig. 8. Based on our further studies,
which is to be reported in the future, the microcombing approach
can be used to make CNT composite with any polymer matrix if the
matrix can be dissolved in a solvent to form a dilute polymer so-
lution. It would be interesting to see how the mechanical properties
are affected if a stiffer and stronger polymer matrix such as epoxy is
used to make micro-combed CNT composite.

It should be noted that this method needs to use high-quality
drawable CNT array, which is more difficult to produce in large
quantity than CNT powder. On the other hand, CNT powders have
so far failed to produce high-strength composites because of their
intrinsic limitations in dispersion, length, alignment and volume
fraction.

4. Conclusions

In this study, it is demonstrated that our recently developed
microcombing method can also be used to produce high perfor-
mance CNT/polymer composite films. By using PVA as a model
matrix, we successfully fabricated the CNT/PVA composite films
with superior electrical and mechanical properties. The micro-
combing method provided straightened CNTs, enhanced packing
density, and reduced impurities in the composites. The micro-
combing promoted the formation of CNT strands, but this was
found beneficial for enhancing the composite performance. The as-
produced CNT/PVA composite films exhibit an electrical conduc-
tivity of 1.84 x 10° S/m, Young's modulus of 119 GPa, tensile
strength of 2.9 GPa, and toughness of 52.4 J/cm?, which represent
improvements over those of uncombed samples by 300%, 100%,
120%, and 200%, respectively. While this method is simple, reliable,
and reproducible, it is also expected to be applicable to a variety of
soluble polymers. In addition, since PVA is a thermal plastic poly-
mer that has relatively low mechanical properties compared with
thermoset polymers, we believe that our microcombing method
can produce CNT/polymer composites with even better properties
if high performance matrix is used.
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