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Abstract

Single Walled Carbon Nanotube (SWCNT) and polyvinyl alcohol (PVA) Polymer nanocomposites with the controlled
mechanical alignment process have been used for structural anisotropy applications due to their desirable thermal and
mechanical properties as well as their tunable degradability. In this work, we fabricated the nanocomposite scaffolds from
forming hydrogels of individually dispersed SWCNTs and then partial backfilling with PVA polymer. Our fabrication method
helps to minimize the aggregation of SWCNT and improve the degree of uniform dispersion of SWCNT in the polymer
matrix. We further compared the mechanical properties in both directions of nanocomposite with different SWCNTs con-
centration. We observed that the tensile modulus increases more in the aligned direction than the normal to direction of
SWCNTs at optimum 12wt% nanotube loading. Further, the nanotube networks suppress the polymer glass transition and
extend the mechanical integrity of the polymer. The controlling internal orientation order of nanotubes with the help of
alignment process in nanocomposite scaffolds can bring interesting highly structural anisotropic properties to a wide range
of smart material industries such as aerospace, defense, and healthcare.
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Introduction CNTs aspect ratio, larger surface area per volume, homo-

geneous dispersion at high volume fraction, strong interfa-

The carbon nanotubes (CNTs) are the primary candidates for
the mechanical reinforcement of all polymers for the next-
generation multifunctional material architectures. These
multifunctional nanocomposites can be obtained by inte-
grating aligned CNTs with the polymer stretching, a larger
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cial interactions with the polymers, and having exceptional
thermal, electrical, optical and mechanical properties [1-8].
The CNTs are highly anisotropic, long-range orientational
order resulting in a macroscopic anisotropy which is of
great interest. For many smart material industrial applica-
tions, the main challenge lies in the alignment of CNTs and
polymer stretching to take advantage of highly anisotropic
characteristics.

The SWCNTSs show limited reinforcement due to the
many difficulties associated with the non-uniform disper-
sion, aggregation of nanotubes, slippage of CNTs to their
smooth surfaces, and weaker interfacial interactions between
polymer and nanotubes [6—10]. As a result of the direct dis-
persion of CNTs at higher loading into the polymer matrix,
the widely used fabrication methods lead to the strengthen-
ing Young modulus well below the model-based estimations
[1, 11]. When the high aspect ratio of SWCNTs (~ 1000) is
well dispersed in a polymer matrix, they can significantly
improve the mechanical properties. Recently, significant
efforts have been attempted towards the improvement of
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the effective degree of dispersion of CNTs in the polymer
matrix [12, 13] and their interfacial interactions. As a result,
many fabrication techniques have been developed based on
the chemical/physical and mechanical fabrication methods
[1, 14-21]. In fact, the researchers also developed many
other methods such as mechanical force [22-27], magnetic
[28-31], electric field [32-40], shear flows [18], and electro-
spinning [41, 42], to improve further the mechanical struc-
tures of polymer nanocomposites via alignment of nanotubes
with the advantages of anisotropic properties of nanotubes.

For the higher degree of anisotropic composite scaffolds,
the SWCNTSs were aligned by uni-axially stretching of poly-
mer nanocomposites at above polymer glass transition tem-
perature [22]. The polymer nanocomposite melting process
was undertaken by extruding [23, 24]. The alignment of the
nanotube process was done by using melt-shear processing
[25] where aligned polymer/nanotube nanocomposite fibers
were fabricated along the direction of flow. Recently, a few
methods were developed to fabricate conductive composite
films by sliding a thin film of random polymer/nanotube
ink solution between two glass substrates under pressure
application [26]. Some other studies were also focused on
making alignment of nanotubes in epoxy nanocomposites
with the application of electric field by a layer-by-layer
(LBL) method, where both the conductivity and modulus
were improved in the direction of alignment [40]. Few other
studies were also focused on making aligned nanotubes by
using a flow process where the surfactant-containing nano-
tubes were slowly injected by a syringe needle into a poly-
mer solution [14]. In fact, electro-spinning is also another
technique that can be used to in-situ aligning CNTs in poly-
mer nanofibers [41-50]. Recently, a few studies also focused
on nanofiber arrays to fabricate highly anisotropic scalable
nano-architecture [51-58]. However, these studies revealed
a lower degree of anisotropy due to inter-spacing distance
and porosity. It was observed that the degree of anisotropy
is still well below the required value to use in many smart
material industrial applications. As a result, the alignment of
nanotubes and polymer stretching is far from a trial to scale
up a degree of anisotropy for the smart material industry.
Our fabrication method is a solution-based hydrogel/aerogel
nanocomposite scaffolds to make an aligned nanocomposite
which could help to scale up a degree of anisotropy for many
industrial applications.

In this work, we have used our hypothesis of the con-
trolled way of aligning polymer and SWCNTs with our solu-
tion-based fabrication method. Our fabrication method and
controlled way alignment process of nanocomposites enable
a higher degree of anisotropy by minimizing CNT interspace
distance and increasing stronger interfacial interactions
between CNTs and polymer. We have observed that there
is an improvement in the tensile modulus of nanocomposite
scaffolds which might be due to the stretching/alignment
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of nanotubes. The degree of anisotropy in tensile modu-
lus improved desirably from 0.6 to~1 (170%) in aligned
nanocomposite scaffolds at 12 wt.% SWCNT loading com-
pared to pristine PVA polymer. As a result, the alignment of
nanotubes and polymer stretching in polymer nanocomposite
scaffolds would lead to enhanced structural anisotropy of
mechanical and electrical properties.

Methods and characterization

Materials Single-wall carbon nanotubes (SWCNTs)-CG-200
purchased from South West Nano Technologies, Pittsburgh,
PA, USA. Polyvinyl alcohol (PVA) purchased from Bayer
Pvt. Ltd, Pittsburgh, PA, USA.

Sample preparation

SWCNTs hydrogel/aerogel synthesis The SWCNTs (CG-
200) dispersed in 1 wt % of the anionic surfactant sodium
dodecyl-benzene-sulfonate (NaDDBS) with a 1:10 ratio
and then followed by tip sonication (underwater bath) at
20% amplitude for two hours. To separate aggregation of
SWCNTs, the dispersed (SWCNTSs) solution was processed
by centrifugation at 35,000 rpm for 19 min and then col-
lected UV Vis spectrum to check CNT concentration. The
CNT dispersed solution was placed at 60 °C under a vacuum
oven until the formation of a gel. The SWCNTSs were usually
forming a gel at 0.3 wt% and then transfer a gel into various
molds. These molds are placed in Petri dishes and sealed
with dispensed parafilm to avoid shrinkage for about 12 h.
The deionized (DI) water was filled slowly into a Petri dish
and waited for about two hours. Then the water was replaced
with 1.5 M HNO; acid to remove surfactant molecules and
followed by rinsing with DI water until the neutral PH value.
The SWCNT hydrogel floated in the water and then undergo
for ethanol exchange to further CPD drying. Finally, we were
able to make various shapes of SWCNT hydrogel/aerogels
[57] (Fig. 1).

SWCNT/PVA nanocomposite sample preparation

The fabricated SWCNT hydrogels scaffolds possess enor-
mous surface area per mass which is a crucial factor for
efficient load transfer from polymers to SWCNT scaffold
[57]. The pore diameters of SWCNTs scaffold are about
5-30 nm allowing easy infiltration of polymers. The PVA
solution was prepared with different concentrations (0.1
to 1 wt %) to facilitate easy infiltration in the SWCNT
scaffold. The SWCNTs hydrogel was transferred into 0.1
wt% PVA solution at 90 °C to infiltrate the polymer into
the CNT network. We replaced polymer solution with each
concentration at least for 3—4 h from 0.1 to 1 wt% until
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Fig.1 a Schematic illustrations of SWCNT/PVA aligned nanocomposites fabrication b SEM image of SWCNTs of aerogel

the required concentration of polymer in the scaffold. The
polymer is in a rubbery state and has low viscosity at back-
filling temperature of 90 °C, which facilitates easy infiltra-
tion of the polymer into the scaffold. The nanocomposite
SWCNT/PVA scaffold was placed under vacuum at 60 °C
to evaporate the solvent (water) out and dried completely
the nanocomposite scaffold at 130 °C for a few hours. The
nanocomposite scaffold sample was stretched 80-90%
using the RSA-G2 DMA instrument (TA Instrument) in a
controlled manner at 135 °C. And then the nanocomposite
samples were placed in the polymer solution (0.2—0.5 wt
%) to form an amorphous layer on the scaffold. Finally, the
re-backfilled nanocomposite scaffold was dried at 140 °C
for two hours and then followed by hot-pressed to remove
voids in the nanocomposite sample.

Mechanical characterization

The tensile stress (o) is characterized by a function of ten-
sile strain (¢) at a strain rate of 1 mm/s with a 100 N load
using an Instron Series IX version 8.31.00 series tabletop
testing system (TA Instruments). For the tensile measure-
ments, we used the standard sample to calibrate the device
and then followed by the characterization samples.

Thermal analysis

Differential scanning calorimetric (DSC) measurements
were carried out with a Q20 DSC (TA Instruments) at
a heating rate of 3 °C/min. Thermo gravimetric analysis
(TGA) was carried out under atmospheric air over a tem-
perature range of 25 to 800 °C using a Q50 TGA (TA
Instruments) at a heating rate of 3 °C/min.

Raman spectroscopy

The Raman spectra were collected with the help Raman
confocal microscope (inverted) with a laser 785 nm and
20X (0.40 NA) an objective lens. The lase power of 10mW,
spot size of about 2 um, and an exposure time of about 3-4 s
were used for all samples to obtain high S/N spectra (Raman
microscope, Reni Shaw- Leica Microsystems). Finally, the
spectrum intensity was normalized by its G-band intensity.

Microstructure characterization
The porous 3-dimensional scaffold of carbon nanotube

aerogel was imaged using scanning electron microscopy
(FEI Quanta 600) to obtain high-resolution SEM images.
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Electrical conductivity measurements

For electrical conductivity measurements of the nanocom-
posite scaffolds, we used copper foil leads to attach the short
ends of the rectangular composite samples with silver paste,
and resistance was measured using the two-probe contact
method.

Results

In this study, we have used SWCNTs (average length~ 1 pm,
diameter ~ 1 nm) of solution-processed single-walled carbon
nanotubes (SWCNTs) in the hydrogel, aerogel forms of 0.8
vol% as pre-formed scaffolds for fabrication of aligned nano-
composites. The SWCNTs were dispersed in a randomly
oriented 3D network by Vander-Waals interaction within the
scaffold (Fig. 1b). The scaffold possesses a pore diameter of
5-30 nm, a larger surface area per mass which is the essential
factor for effective load transfer to the nanotubes and easy
infiltration of the polymer into the SWCNT 3D network. The
fabrication method of stretched/aligned nanocomposite scaf-
folds is described in the method section and the schematic is
shown in Fig. 1a. The morphology of structural alignment
of composites samples have observed with help of optical
microscopy (S1).

Mechanical characterization was carried out for the
aligned nanocomposite scaffold with various SWCNTs
loading in both stretched orientation (parallel to CNTs)
and normal to the stretching direction (normal to CNTs).
The rectangular-shaped nanocomposite scaffold samples
were used for all measurements with an average thickness
of 150-200 pum. Figure 2a shows the tensile stress (o) and
tensile strain (€) curve, for studying the mechanical char-
acteristics of the scaffolds in both orientations. Figure 2b, ¢
show the tensile stress vs tensile strain of pristine and nano-
composite scaffold at 12 wt% to see clear tensile modulus
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Fig.3 a The modulus (E) of the nanocomposites along aligned direc-
tion (green) and transverse direction (red) with of nanotubes. b The
degree of anisotropy in modulus of SWCNT/PVA nanocomposites as
a function of SWCNT loading

measurements from the linear portion of the stress versus
strain graph. We compared the mechanical properties of
aligned nanocomposite in both directions with respect to
the pristine PVA samples at room temperature.

The tensile modulus was calculated from the slope of the
linear portion of the stress versus strain graph. The tensile
modulus (E) of the pristine PVA polymer showed about 3.2
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Fig.2 A The tensile stress (o) versus tensile strain (€) curves of pris-
tine PVA and 12% SWCNT/PVA nanocomposites B The tensile stress
(o) versus tensile strain (e) curves of pristine PVA C The tensile
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GPa along the stretched direction and 2 GPa along the nor-
mal to the stretching direction (Fig. 3a). The tensile modulus
(E) of the composite scaffold increased dramatically along
the stretched direction (55 GPa) compared to the perpendic-
ular direction (18 GPa) at 12 wt% SWCNT loading (Fig. 3a).
The tensile modulus increased 3times higher in the stretched
direction than the normal to the CNT direction. However, the
yield point was started for the nanocomposite scaffolds at a
lower strain (> 1%) along the stretched direction compared
to the perpendicular direction of CNTs. The ultimate tensile
strength (UTS) of the nanocomposite scaffolds (at 12 wt.%)
was higher by 1.3times higher in stretched direction with
respect to the normal to the CNT direction.

The degree of anisotropy is defined as SE=(E; — Ey)/
E\ve» modulus along aligned the direction (E; ), modulus
along the transverse direction (Ep), and an average of the
modulus (E,,,) The degree of anisotropy in the tensile
modulus of a pristine polymer and nanocomposite scaffolds
in both orientations is shown in Fig. 3b. The tensile modu-
lus of the nanocomposite scaffold (12 wt%) was increased
about 27times along the stretched direction and 10times
along the normal to the CNT orientation with respect to
the pristine polymer. As a result, the degree of anisotropy
in tensile modulus was increased desirably from 0.6 to~ 1
in nanocomposite scaffolds compared to the pristine PVA
polymer matrix.

Differential scanning calorimetry (DSC) analysis is used
to examine the polymer crystallinity (Fig. 4). For a pristine
polymer, the DSC curve on heating showed a sharp melting
peak at 225 °C. This peak indicates stronger crystallinity
since no peaks were observed on cooling. It is inferred that
the sample does not have enough time to form crystals or
to recrystallize. The endothermic peak temperature of the
stretched nanocomposite scaffold was increased to about
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Fig.4 Differential scanning calorimetry measurements of polymer
and nanocomposites show a reduction in polymer crystallization in
the composite with the orientation of nanotubes

5 °C and it was observed the glass transition peak was
suppressed compared to the pristine polymer. A broader
melting peak was observed for stretched nanocomposite
scaffold compared to the pristine polymer which leads to
the reduction of crystallinity.

The thermogravimetric analysis (TGA) is performed to
elucidate the polymer stability (Fig. 5a). The mass loss in the
polymer nanocomposite scaffold associated with burning off
was reduced in the presence of the CNT network. The rate
of mass loss showed that the degradation temperature of the
composite scaffold was shifted to a higher temperature at 12
wt% SWCNT loading (Fig. 5b). The thermal stability was
improved to 50 °C for the stretched nanocomposite scaffold
compared to the pristine PVA polymer. The stretched nano-
composite scaffold sample weight was reduced by only 30%
between 280 and 400 °C temperature and it was observed
to remain stable until 280 °C. The aligned nanocomposite
sample (12 wt%) showed 10% mass left even at 800 °C.

Raman spectroscopy is performed to verify the degree
of SWCNT alignment in the polymer nanocomposite scaf-
fold. The Raman spectra for a pristine polymer and aligned
nanocomposite scaffold (12 wt%) are shown in Fig. 6.
The characteristic peaks of nanotubes are higher than that
arising from the pristine PVA. Though, we used the same
power conditions, the peak intensity associated with pris-
tine PVA is ultra-low (counts ~200) and can be considered
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Fig.5 a Thermogravimetric analysis (TGA) of stretched polymer
and nanocomposite scaffold under atmospheric air b Examination of
the rate of mass loss showed that degradation temperature shifted to
higher temperature with orientation of nanotubes
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Fig.6 Raman spectra of pristine polymer (a) and aligned SWCNT/
PVA nanocomposites (b), showing different G- band peak shift for
aligned polymer nanocomposite

negligible. As a result, the Raman spectrum of the aligned
nanocomposite scaffold in Fig. 6 is similar to that of pris-
tine nanotubes (four peaks). The peaks at around 150 cm™!,
are related to the Radial Breathing Modes (RBM), arising
from the coherent vibration of carbon atoms in the radial
direction. The RBM modes mainly depend on SWCNT
diameter. The peak at about 1289 cm~!, named D-band,
arises in the presence of disorder from the defects located
along the sidewalls of carbon nanotubes [58]. The peak at
around 1582 cm™!, called as G-band is attributed to the
elongation of the carbon—carbon bonds along the longi-
tudinal directional of the carbon nanotubes. The peak at
about 2565 cm™!, called G’-band is known as a second-
order harmonic of the D-band [59]. All the characteriza-
tion peaks associated with the stretched nanocomposite
scaffolds have shifted 10 cm™! to a higher wavenumber.
The associated intensity of the aligned nanocomposite scaf-
fold was observed to be greater than the randomly oriented
composites.

The electrical conductivity of the stretched or aligned
nanocomposite scaffolds was measured in both orientations
via the two probe method (Fig. 7). In general, the electri-
cal conductivity increases with increasing nanotube loading
and it was found to be increased in stretched direction. The
electrical conductivity of the nanocomposite scaffold at 12
wt% SWCNT loading in the stretched orientation was about
50 S/m and along the normal to the stretching direction was
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Fig.7 Electrical conductivity of nanocomposites in aligned/trans-
verse direction as a function of nanotube loading (solid lines are
guide for eye)

5 S/m. The conductivity was found to be increased 10 times
higher along the stretched direction as nanocompared to
along the normal to the CNT direction.

Discussion

It is important to study the alignment/stretching effect of
SWCNT/PVA nanocomposite scaffold to investigate anisot-
ropy in mechanical properties. The stretching of a polymer
and nanotubes was able to increase the stronger interfacial
interactions between a polymer and nanotubes. As a result,
the mechanical properties of aligned nanocomposite scaf-
folds were improved along with the stretched orientation
compared to the normal to CNT orientation. The Raman
spectra showed that the characterization peaks associated
with the stretched nanocomposite scaffold shifted 10 cm™" to
a higher wavenumber. The DSC was also performed to elu-
cidate the crystallinity of the nanocomposite scaffold, and
the stretched nanocomposites reduced crystallinity, resulting
in an extension of mechanical integrity. The stretched nano-
composite scaffolds were more thermally stable compared to
the pristine polymer. The stretched polymer nanocomposite
scaffolds have a wide range of applications in aerospace and
other smart material industrial applications.

The stretching of a nanocomposite scaffold leads to
stretching of the polymer as well as nanotubes which
enhance the mechanical properties of nanocomposites due
to an increase of stronger interfacial interactions between
polymer chains and nanotubes. The stretching influenced
stronger dependence on tensile modulus. The tensile modu-
lus increased 17times along the stretching direction and 10
times along the normal to CNTs direction compared to the
control pristine PVA polymer sample. The improvement
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of the tensile modulus was clearly indicated due to the
stretching/alignment of nanotubes. The degree of anisot-
ropy in modulus increases as a function of SWCNT loading
(Fig. 3b). As a result, the degree of anisotropy in tensile
modulus improved desirably from 0.6 to~ 1 in aligned nano-
composite scaffolds at 12 wt% SWCNT loading compared
to pristine PVA polymer. We believe that this increase in
anisotropy in mechanical properties due to the structural
changes and a higher degree of alignment of polymer and
nanotubes leads to stronger interfacial interactions.

As the SWCNTs concentration increases, the ultimate
tensile strength (UTS) of nanocomposite scaffolds increases
greatly compared to the pristine polymer. The stretching
also slightly influenced tensile UTS. The UTS increased
1.5 times along the stretching direction and 1.1times along
the normal to CNTs direction compared to the pristine PVA
polymer samples. The UTS for nanocomposite scaffolds was
observed to be lower in the normal to the CNT direction,
and it would be due to “slippage” between nanotubes and
the thermal motion of polymer chains. The stretchability
decreased in stretched direction due to the brittleness of the
materials (stronger interfacial interactions lead to larger ten-
sile modulus).

The tensile modulus of stretched nanocomposite scaffolds
leads to a drop with a further increasing SWCNT loading
though the ideal/absolute value was still higher than the cor-
responding value for the nanocomposite scaffold without
stretching application. The reinforcement efficiency would
be lower at higher CNT loading for all polymer nanocom-
posites, and it would be attributed to the bundling of nano-
tubes, slippage between nanotubes, and non-uniform disper-
sion regardless of nanotube alignment. For better structural
anisotropy, the 80-90% alignment of nanotubes and poly-
mer stretching at 12 wt% SWCNT loading appears to be the
optimum concentration. The CNT concentration (12 wt%)
has a significant effect on enhancing polymer viscosity and
nanotube packing. As a result, the lower free space and the
higher resistance for CNTs to move and align in response
to the stretching. The tensile modulus of nanocomposites in
normal to the CNT direction was, in general, lower than that
of the stretched direction, and it would be due to slippage,
and weaker interfacial interactions between CNT-CNT, and
CNT-polymer interactions. The polymer chain movements
undergo lower restriction along the transverse direction
rather than the aligned nanocomposites due to the presence
of alternating polymer-rich regions (crystalline).

The Raman spectroscopy and DSC results are in good
agreement with mechanical measurements. The Raman
spectra suggest shifting 10 cm™! of characterization peaks
for stretched nanocomposite scaffolds. The associated
intensity of stretched composite scaffolds observed was
higher than the randomly oriented nanocomposites. As a
result of Raman spectroscopy, the preferential orientation

of alignment of SWCNTSs due to the application of stretch-
ing is confirmed. The DSC results show that the endother-
mic peak height suppressed and shifted 5 °C towards higher
temperatures for stretched nanocomposite scaffolds, and this
may suggest reduced crystallinity due to the immobility of
the polymer chains' motion, resulting in an extension of
mechanical and structural integrity.

The thermal stability of stretched nanocomposite scaf-
folds increased above their decomposition temperature.
The thermal stability improved to 50 °C for the stretched
nanocomposite scaffold. The polymer near the CNTs might
degrade slowly, which would shift the degradation tem-
perature to higher temperatures (nanoconfinement effect).
The improved thermal stability is due to efficient retardant
additives of CNTs in polymer and leads to the presence of
leftover mass even at 800 °C.

The electrical conductivity of the nanocomposite scaf-
fold at 12 wt % SWCNT loading in the stretched orientation
was about 50 S/m and 5 S/m along normal to the stretching
direction. The increase in conductivity might be due to the
reduction of contact resistance/ junction resistance and lower
interfacial resistance between CNT-CNT, and CNT-polymer.

However, the observed enhancement of thermal, electri-
cal, and mechanical properties of nanocomposite scaffold
would be due to the stronger interfacial interaction between
CNTs and polymer with the application of stretching. The
stretching of the nanocomposite scaffold leads to the align-
ment of polymer and nanotubes which would improve
the degree of anisotropy. The stretching helps to enhance
mechanical properties in stretched direction, increase the
brittleness of the scaffold, restrict polymer motion and
improve the structural mechanical integrity between poly-
mer and CNTs. The controlling of the internal orientational
order of polymer and nanotubes in nanocomposite scaffolds
can bring a tunable range of thermal, mechanical, and elec-
trical properties, which would combine with anisotropic
properties. These tunable nanocomposites might be useful
for designing new applications in the smart nanomaterial
industry.

Conclusion

We used solution-based hydrogel fabrication and a con-
trolled mechanical alignment process renders them for
structural anisotropy applications. We found that aligned
SWCNT/PVA nanocomposite scaffolds possessed a desir-
able degree of anisotropy in mechanical properties. The
controlled mechanical alignment process of nanocompos-
ite reduces the mobility of the polymer, resulting in a sup-
pression of polymer glass transition and an extension of
mechanical structural integrity. The nanotubes and polymer
are thermally stable above their degradation temperatures.
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Our solution-based fabrication method along with a well-
controlled internal orientation order of nanotubes in nano-
composite scaffolds can bring anisotropy in material prop-
erties, which would combine with the creation of highly
structural anisotropic properties. These nanocomposites
might be useful in designing new applications in the smart
nanomaterial industry.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10965-022-03279-w.
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