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Yi Lin,† and Russell A. Wincheski§

†National Institute of Aerospace, Hampton, Virginia 23681, United States
‡Advanced Materials and Processing Branch, and §Nondestructive Evaluation Science Branch, NASA Langley Research Center,
Hampton, Virginia 23681, United States

*S Supporting Information

ABSTRACT: Practical approaches are needed to take advantage of the nanometer-scale
mechanical properties of carbon nanotubes (CNTs) at the macroscopic scale. This study was
conducted to elucidate the salient factors that can maximize the mechanical properties of
nanocomposites fabricated from commercially available CNT sheets. The CNT sheets were
modified by stretching to improve CNT alignment and in situ polymerization using polyaniline
(PANI), a π-conjugated conductive polymer, as a binder. The resulting CNT nanocomposites
were subsequently postprocessed by hot pressing and/or high temperature treatment to carbonize
the PANI as a means to improve mechanical properties. The PANI/CNT nanocomposites
demonstrated significant improvement in mechanical properties compared to pristine CNT
sheets. The highest specific tensile strength of PANI/stretched CNT nanocomposite was 484
MPa/(g/cm3), which was achieved in a sample with ∼42 wt % of PANI. This specimen was
fabricated by in situ polymerization followed by hot pressing. The highest specific Young’s
modulus of 17.1 GPa/(g/cm3) was measured on a sample that was hot-pressed and carbonized. In
addition, the highest DC-electrical conductivity of 621 S/cm was obtained on a sample prepared by in situ polymerization of
PANI on a stretched CNT sheet.
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■ INTRODUCTION

Carbon nanotubes (CNTs) have been shown to possess an
outstanding combination of mechanical, electrical, and thermal
properties at the nanoscale. The measured values for their
elastic moduli range from 1.28 to 1.8 TPa.1,2 CNTs have
exhibited breaking strengths ranging from 11 GPa to 63 GPa3,4

and failure strain of 1.6%4 under a tensile load. However, these
promising mechanical properties have not been realized in
macroscale CNT nanocomposites fabricated by conventional
methods,5−8 because of the weak load transfer between tubes or
tube bundles. There is a need for a significant research effort
directed toward controlling the interactions between nano-
tubes, because of the critical role they play in load transfer.
Utilizing the full mechanical capabilities of individual CNTs

is critical to attaining structural properties significantly higher
than those of state-of-the-art carbon fiber-reinforced polymer
(CFRP) composites. Most studies on structural applications of
CNTs have focused on attempts to improve dispersion of
nanoinclusions in structural polymer matrices. However, this
approach has yet to achieve mechanical properties that compete
with CFRPs,9,10 because of poor intertube load transfer,
insufficient CNT alignment, and physical defects created during
processing and fabrication. In addition, the fabrication of high
volume fraction CNT nanocomposites by doping polymer
matrices with CNTs is difficult, because of CNT aggregation.

Practical use of these nanomaterials will require the develop-
ment of processes for achieving CNT alignment while also
creating stable and strong linkages between CNTs with
minimal defects. Several approaches have been developed to
introduce cross-linking between CNT shells, including electron
beam irradiation,11−15 application of large compressive
forces,16,17 and chemical treatments.18−20 These approaches
were somewhat successful in improving tube-to-tube load
transfer, which improved mechanical properties, but they also
introduced unwanted defects in the CNTs and may be difficult
to scale up for practical macroscale applications. Alternative
approaches including the use of spinnable CNT forests as a
starting material, physical densification, and alignment of CNTs
by solvent treatments21 and fabrication using a prepreg-like
process22 have also been developed. The mechanical properties
obtained from these materials are quite promising, but scale-up
for large nanocomposite structure fabrication still poses
significant challenges, especially with regard to the economic
feasibility of building up sufficient laminate thickness without
introducing defects. In fact, the mechanical properties of these
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nanocomposites were shown to decrease as the nanocomposite
thickness increased.22

CNT sheets are a promising format for producing high-
performance polymer nanocomposites with a high volume
fraction of CNTs. Although these sheets are typically available
with randomly aligned CNTs, they possess the elasticity to
permit stretching to yield significant CNT alignment in the
loading direction.23 These sheets are commercially available in
large volumes necessary to determine appropriate processing
methods for producing structural nanocomposites. The sheet
format also offers advantages such as ease of handling being
amenable to physical and chemical modification, and being
used as a drop-in substitute for carbon fiber laminates in
existing composite processing methods. High-performance
polymer/CNT sheet nanocomposites have been reported
recently.24,25 For example, Liang et al. reported multiwalled
carbon nanotube (MWCNT) sheet-reinforced bismaleimide
(BMI) resin nanocomposites with a tensile strength of ∼2 GPa,
a Young’s modulus of 169 GPa, and an electrical conductivity of
5500 S/cm along the alignment direction.25 They demon-
strated that a straightforward mechanical stretching method
followed by BMI infiltration is capable of producing high-
performance nanocomposites with high CNT concentration
and low void volume fraction.
Recently, polyaniline has been used as a functionalization or

“sizing” agent on CNTs for producing high-volume-fraction
CNT fibers,26 CNT buckypaper,27 and CNT reinforced epoxy
polymer nanocomposites.28,29 However, most of the previous
studies of PANI functionalization of CNTs have focused on
attempts to disperse CNTs into solvents or polymer solutions,
which were then further processed to make nanocomposites.
Mechanical property enhancements were not significant due to
low CNT loading content and insufficient CNT alignment in
the nanocomposites. In addition to using PANI as a binder,
additional heat treatment or carbonization can convert PANI
into a nitrogen-containing carbon residue with potential
applications in flame-retardant materials and energy conversion
and storage.30−32

Here, we report systematic approaches to improve
mechanical properties of CNT-based structural nanocompo-
sites produced from CNT sheets using a combination of
stretching, in situ polymerization, hot pressing, and carbon-
ization. Specifically, in situ polymerization of PANI with highly
stretched CNT sheets is a relatively easy process, because of
favorable dispersion (π−π) interactions. The PANI essentially
locks the physically aligned CNTs in place and does not require
a complicated dispersion of CNTs into a solvent or polymer
matrix. The demonstrated methods are relatively simple and
scalable for structural applications. In addition, the PANI/CNT
nanocomposites exhibited good electrical conductivity, making
them attractive for multifunctional structural applications.

■ EXPERIMENTAL SECTION
Materials. The CNT starting materials used in this work were in

the form of CNT powder (Bayer multiwalled carbon nanotubes
(MWCNTs), Baytubes C150 HP, 99% purity), as well as both
untreated (catalyst content: 10.9 wt %, average areal density: 11.0 g/
m2) and acetone-treated (catalyst content: 10.3 wt %, average areal
density: 15.5 g/m2) CNT sheets (Nanocomp Technologies, Inc.).
Aniline (Aldrich, 99.8%), ammonium persulfate ((NH4)2S2O8, Aldrich,
98+%), ammonium hydroxide (Fisher, 29.9%) and various organic
solvents were used as received.
Nanocomposites. Some of the CNT sheets used in this work

were stretched prior to the in situ polymerization step. The sheets

were stretched in tension up to 33% strain at a crosshead speed of 1
mm/min at ambient temperature. Stretching was done with either dry
sheets or sheets wetted with a solvents such as acetone, ethanol, or N-
methylpyrrolidone (NMP). Nanocomposites were formed by
subjecting the CNT sheet to in situ polymerization in an aniline
solution using procedures documented in the literature,33−37 followed
by post-processing with a combination of hot pressing and
carbonization. In this study, the CNT powder and sheet were first
immersed in an acidic aqueous solution containing various
concentrations of aniline. For the powder preparation, the mixed
solution of MWCNT and aniline was dispersed in an aqueous 3-(N-
morpholino)-propanesulfonic acid (MOPS) buffered solution without
any additional surfactants or additives.38 Aniline polymerized on the
CNTs surfaces to yield PANI/CNT nanocomposites. Adjusting the
aniline monomer concentration in the solution controlled the
thickness of the PANI/CNT nanocomposites. PANI/CNT sheet
nanocomposites were prepared by in situ polymerization of aniline in
an acidic solution bath (1 M HCl) with ammonium persulfate as the
oxidant in the presence of CNT sheet. The weight ratio between the
CNT sheet and aniline was 1:5, and the molar ratio between the
aniline monomer and the oxidant is 1:1. The emeraldine base form
(EB, electrically nonconductive) of PANI/CNT sheet nanocomposite
was obtained by stirring the as-prepared (emeraldine salt form (ES) -
electrically conductive) nanocomposite into a diluted ammonium
hydroxide solution (3 wt %) for 15 h. After polymerization, the PANI/
CNT nanocomposite was post-processed by hot pressing (Carver, Inc.,
hydraulic unit, Model No. 3925) at 100 °C and a pressure of ∼1−2
GPa. In addition, some samples were carbonized at up to 2000 °C in
an inert atmosphere (N2) to convert the PANI coating into
amorphous carbon (a-C). The carbonization process was conducted
in a vacuum furnace (R.D. Webb, Red Devil) at atmospheric pressure
and a constant N2 gas with a flow rate of 2 ft3/h. Temperature was
ramped up at 10 °C/min and then held for 10 min to complete the
carbonization. Tension was not applied to the PANI/CNT nano-
composite during the carbonization process.

Characterization. Raman spectroscopy was performed using a
Kaiser RAMANRXN1 Microprobe. All measurements were performed
at an excitation wavelength of 785 nm and laser output power of 50
mW. Polarization optics were incorporated to enable acquisition of
Raman spectra as a function of angle between the natural rolling
direction of the sheets and the polarization direction. Thermogravi-
metric analysis (TGA) (Netzsch, Model TG 209 F1) and differential
scanning calorimetry (DSC) (Netzsch, Model DSC 204 F1) were
carried out under nitrogen at heating rates of 5 °C/min and 10 °C/
min, respectively.

The pristine CNT sheets and PANI/CNT nanocomposites were
mechanically tested (at least five samples) at room temperature using
an Instron Model 5848 Microtester. The measured force-displacement
data were used to calculate specific elastic modulus (Young’s
modulus), specific ultimate strength, and ultimate tensile strain. The
tensile stress was obtained by dividing the measured force by the cross-
sectional area of the PANI/CNT sheet nanocomposites, which was
determined with a micrometer and confirmed by microscopy
measurements. All data were normalized by the density of the
PANI/CNT sheet nanocomposites, as determined by the sample
dimension and weight. The tensile testing method was based on
ASTM standards, including ASTM D882 (“Standard Test Method for
Tensile Properties of Thin Plastic Sheeting”) and ASTM D1708
(“Standard Test Method for Tensile Properties of Plastics by Use of
Microtensile Specimens”). The tensile samples were cut into
rectangular strips 5.08 ± 0.03 mm wide, using a JDC precision
sample cutter (Thwing-Albert Instrument Company). The thickness
of the prepared nanocomposites ranged from 20 μm to 50 μm. PANI
content in the prepared PANI/CNT nanocomposites ranged from 42
wt % to 58 wt %, except for the carbonized nanocomposites. The
measured densities of pristine CNT sheet, in situ polymerized PANI/
CNT, hot-pressed PANI/CNT and carbonized PANI/CNT compo-
sites were 0.566 ± 0.011, 0.816 ± 0.147, 1.218 ± 0.143, and 0.636 ±
0.132 g/cm3, respectively. Gauge length and crosshead speed for the
tensile test were set at 10 mm and 10 mm/min, respectively. Strain
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was calculated from crosshead displacement. The Young’s modulus
was obtained from linear regression at the maximum slope of the
corresponding stress−strain curve. Toughness was calculated by
measuring the area under stress−strain curve up to failure.
A field emission-scanning electron microscope (FE-SEM, Hitachi

Model S-5200) equipped with a scanning transmission electron
microscope (STEM) detector was used to image both as-processed
PANI/CNT nanocomposites and cross-sectioned samples of failed
specimens after a tensile test. A Gatan Microtester 200 stage and
Deben controller equipped with a digital optical microscope (Mighty
Scope) were used for in situ fracture imaging. DC conductivities of the
PANI/CNT nanocomposites were measured with a 4-probe system
(Signatone, QuadPro Resistivity Wafer Mapping System).

■ RESULTS AND DISCUSSION

In Situ Polymerization of Aniline with Individual
CNTs. Before applying PANI coating directly to the CNT sheet
materials, eight polyaniline nanocomposites with 0, 0.5, 1, 5, 10,
30, 50, and 70 wt % MWCNT were synthesized to understand
the interaction between aniline and CNT during in situ
polymerization of aniline in buffer-stabilized MWCNT
dispersion solutions. The mechanism of in situ polymerization
has been discussed previously.33−37 Dispersion interactions
between the π electrons in the aromatic aniline monomers and
the extended, delocalized π electron system on the CNTs
promoted physical adsorption of the monomers onto the
nanotube surface and resulted in a good dispersion of the
nanotubes in the aqueous buffer solution. The same dispersion
interaction between the CNT and the aniline monomer that
yields a good dispersion may also promote polymerization
along the CNT to afford PANI-coated MWCNTs. The
conversion yield of PANI increased as a function of
MWCNT concentration from 64.2% at 0 wt % to 93.2% at
70 wt %. This enhanced conversion suggests that the CNT
surface provides reactive sites where polymerization can occur.
Increased reactivity can lead to improved reaction efficiency
and thus lower production costs if this process were scaled up.

Figure 1 shows STEM images of pristine MWCNTs (Figure
1a), as well as 70 wt % (Figure 1b), 50 wt % (Figure 1c), and 30
wt % (Figure 1d) MWCNT-PANI nanocomposites, respec-
tively. The pristine MWCNT diameters were in the range of
10−25 nm (see Figure 1a). The functionalized MWCNTs were
very uniformly and completely coated by a PANI layer (see
Figures 1b−d). SEM images revealed a beaded surface on the
CNTs, with coating features being increasingly rougher as the
PANI concentration increased (see Figures 1c and 1d). The
thickness of the PANI layer on the MWCNT surface decreased
as the PANI content in the nanocomposites decreased. After in
situ polymerization of PANI, the diameters of 30 wt %
MWCNT/PANI nanocomposite increased to ∼20−50 nm
while the diameters of the 50 wt % MWCNT/PANI hybrid
were 10−40 nm. The PANI layer thickness typically ranged
from 3 nm to 20 nm. Note that the sidewalls of the MWCNT
are not visible under a microscope below 30 wt.% MWCNT
concentration due to the presence of a thick layer of PANI.

Fabrication of PANI/CNT Sheet Nanocomposites and
Their Mechanical and Electrical Properties. Following the
guidance from the above model reactions performed using
MWCNTs, PANI/CNT sheet nanocomposites were fabricated
by in situ polymerization of aniline monomer onto a pristine
CNT sheet (Figure 2a). Figure 2b shows that polymeric
materials were well-coated on the CNTs and interconnected
between the CNT bundles. After subsequent hot pressing
(Figure 2c) or carbonization processes (Figure 2d), the overall
CNT network in the nanocomposite was retained, but the
morphology of the polymeric coatings exhibited discernible
changes. The primary effect of hot-pressing PANI/CNT
nanocomposites was increased density of the material, which
was due to the reduction of voids within the nanocomposite. In
fact, hot pressing reduced the thickness of the PANI/CNT
nanocomposites by 10%−50%, depending on the level of
stretch and applied pressure. Hot pressing consolidated layers
of PANI/CNT sheets to produce macroscale PANI/CNT

Figure 1. Representative STEM images of (a) 100 wt % CNTs, (b) 70 wt % CNT/30 wt % PANI, (c) 50 wt % CNT/50 wt % PANI, and (d) 30 wt
% CNT/70 wt % PANI.
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nanocomposites in a process similar to current carbon fiber
composite fabrication methods.
Raman spectra of the pristine CNT sheet, PANI/CNT sheet,

and carbonized CNT sheet are shown in Figure 2e. The Raman
spectroscopy confirmed the uptake of PANI in the PANI/CNT
nanocomposite, exhibiting typical bands attributed to the
doped PANI.33,39 Raman results from the carbonized PANI
(emeraldine salt (ES) form) were also in good agreement with
the literature.30,40 Specifically, the characteristic Raman bands
of the PANI disappeared after heating to 800 °C and two main
bands (G- and D-bands) of carbonized nanocomposite were
observed. The G- and D-bands were broadened due to
increasing disorder and amorphous carbon content, indicating
the presence of carbonized PANI in the nanocomposite.
Overall weight loss of the PANI/CNT nanocomposites after
carbonization at 800 °C in N2 atmosphere was 30% as
determined by TGA (see Figure S1 in the Supporting
Information). The thermogram of polyaniline (emerladine
base (EB) form) showed a weight loss of 10% from room
temperature to 400 °C and a weight loss of 42% from 400 °C

to 1000 °C, in good agreement with data reported in the
literature.35,40

The maximum stretching level achieved with the CNT sheet
was 33% strain at a crosshead speed of 1 mm/min. The CNTs
were well-aligned along the stretch direction and well-coated by
PANI during in situ polymerization, as shown in Figures 3a and
3b. Polarized Raman spectroscopy on a pristine CNT sheet
(Figure 3c) and a PANI/CNT nanocomposite (Figure 3d),
both stretched and unstretched are also shown. The increased
alignment of the CNTs in the stretched sheets is reflected in
the increased intensity of the G peak in the Raman polarization
spectra aligned with the stretch direction, relative to the G peak
for the polarization spectra perpendicular to this axis. This is
consistent with results reported in the literature for aligned
CNTs.41

Figure 4 shows the changes in mechanical properties as a
function of the level of stretching for a pristine CNT sheet and
various PANI/CNT sheet nanocomposites. The measured
specific tensile strength and specific Young’s modulus of the
untreated CNT sheet were 160 ± 16 MPa/(g/cm3) and 0.8 ±
0.3 GPa/(g/cm3), respectively, and the elongation at failure was

Figure 2. SEM images of (a) the pristine CNT sheet and the PANI/CNT sheet nanocomposites after (b) in situ PANI polymerization and then (c)
hot pressing and (d) carbonization. Inset in panel (b) shows a photograph of the as-prepared PANI/CNT nanocomposite. (e) Stacked Raman
spectra of pristine CNT sheet, PANI/CNT sheet, and carbonized PANI/CNT sheet. Intensity values for carbonized sample multiplied by a factor of
2. All data acquired with light polarized in the aligned CNT direction of the sheet.
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50.3 ± 4.5%. In situ polymerization, which resulted in PANI
reinforcement of the CNT networks, increased the specific
strength to 239 ± 16 MPa/(g/cm3). The Young’s modulus
increased by an order of magnitude to 9.0 ± 0.2 GPa/(g/cm3)
compared to the untreated CNT sheet. The specific tensile
strength and specific Young’s modulus are expected to increase
with the stretch level of the PANI/stretched CNT sheet
nanocomposites, because of the alignment of the CNTs along
the tensile load direction. Stretching the as-manufactured sheets
not only increased the alignment of the CNTs in the stretch
direction, but also densified the sheet, eliminating some
intertubular voids to increase tube packing. Stretching the
pristine sheets significantly improves their specific modulus
(Figure 4b) and also has a positive, although weaker, effect on
their specific strength (Figure 4a). These trends are reversed for
the PANI/CNT sheet nanocomposites, for which the specific
strength increases sharply with stretching while the specific
modulus increases only slightly, although there is significant
scatter in the data at higher stretching ratios.

The failure mode in the relatively thick pristine CNT sheet is
likely shear sliding between the tubes and layers of CNT sheets.
CNT sheet strength is limited by characteristics such as CNT
length, type, and quality. In the nanocomposites, the polymer
binds the tubes so that intertube slippage is minimized. Clearly,
the composition of the polymer is important, because good
interfacial interaction between the polymer binder and the
CNTs is required for effective load transfer. The CNT
alignment has the largest effect on the Young’s modulus of
the pristine CNT sheets, while their strength is not significantly
enhanced due to the weak interfacial shear strength of bare
CNTs.13 The elongation at failure in the pristine CNT sheet,
shown in Figure 4c, decreased linearly as a function of the level
of stretching while the PANI/CNT nanocomposites showed a
plateau at ∼10% of elongation in the highly stretched samples.
These results suggest that the PANI/CNT nanocomposites
from highly stretched (over 20%) CNT sheets are tougher than
the pristine CNT sheets with the same level of stretching
(Figure 4d), as expected, based on the enhanced strength
exhibited by the nanocomposite relative to the pristine CNT

Figure 3. SEM images of 33% stretched CNT sheet modified with PANI; (a) low magnification and (b) high magnification image. Stacked Raman
spectra of (c) pristine CNT sheet without and with 30% stretch and (d) PANI/CNT nanocomposites without and with 33% stretch. Solid lines
show data acquired with light polarized in the sheet stretching direction and dashed lines show data acquired with polarization optics perpendicular
to stretched direction.
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Figure 4. Comparison of the average (a) specific strength, (b) specific modulus, (c) elongation at failure, and (d) toughness of pristine CNT sheet
and in situ polymerized PANI treated CNT sheet nanocomposites in terms of the level of stretching. The error bars represent the standard deviation
in the values.

Figure 5. Comparison of the average (a) specific strength, (b) specific modulus, (c) elongation at failure, and (d) toughness of pristine CNT sheet
and in situ polymerized PANI treated CNT sheet nanocomposites with unstretched and stretched CNT sheets. The error bars represent the
standard deviation in the values. The open squares are the measured maximum values for each sample. The level of stretch of CNT sheet before
PANI polymerization was varied as 0, 10, 20, 30, and 33% and the resulting nanocomposites were named as PC0, PC10, PC20, PC30, and PC33,
respectively. The PAC20 represents a PANI/stretched CNT sheet nanocomposite prepared with a 20% stretched acetone-treated CNT sheet.
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sheet. This indicates that the intertube load transfer and
interfacial adhesion between PANI and CNT are much
improved by PANI polymerization in relatively dense CNT
sheets.
The effects of post-processing treatments on the mechanical

properties of the PANI/CNT sheet nanocomposites are
summarized in Figures 5 and 6. Methods investigated include

solvent treatment, stretching, in situ polymerization (Figure 5),
hot pressing, and carbonization (Figure 6). Solvent treatment,
especially with acetone, increases CNT sheet density. This
densification has little effect on the specific strength, as shown
in Figure 5a, but the specific modulus (Figure 5b) increases
substantially. Starting with an acetone-treated nancomposite
offers no benefit in strength or modulus after stretching, as can

Figure 6. Comparison of the average (a,e) specific strength, (b,f) specific modulus, (c,g) elongation at failure, and (d,h) toughness of PANI/CNT
sheet nanocomposites post-processed by hot pressing and carbonization, respectively. The error bars represent the standard deviation in the values.
The open squares are the measured maximum values at each sample. The level of stretch of CNT sheet before PANI polymerization was varied as
0%, 10%, 20%, and 33% and the resulting nanocomposites were labeled PC0, PC10, PC20, and PC33, respectively. The PAC20 represents a PANI/
stretched CNT sheet nanocomposite prepared with a 20% stretched acetone-treated CNT sheet. The PC20HP represents a PANI/stretched CNT
sheet nanocomposite prepared with a 20% stretched CNT sheet and then experienced a hot press before carbonization.
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be seen by comparing the properties of the 20% stretched
pristine (PC20) and acetone-treated (PAC20) samples in
Figures 5a and 5b.
The highest specific tensile strength [484 MPa/(g/cm3)] was

obtained with the PANI/stretched CNT sheet nanocomposites
in which the 33% stretched CNT sheet was impregnated with
PANI via in situ polymerization, and then consolidated by hot
pressing (Figure 6a). Hot pressing also had a small but positive
effect on the specific modulus of the nanocomposites (Figure
6b). Despite good adhesion between PANI and the CNTs, the
Young’s modulus of the hot-pressed PANI/CNT sheet
nanocomposites is about an order of magnitude lower than
that of the state-of-the-art epoxy/CNT sheet nanocompo-
sites,25 possibly due to the high void content (Figure 2) in the
fabricated nanocomposites. Further infiltration of epoxy resin
with as-prepared PANI/CNT sheet nanocomposites could
potentially improve the mechanical property by filling in the
voids with a structural engineering polymer.
The highest specific Young’s modulus, 17.1 GPa/(g/cm3),

was obtained with PANI/stretched CNT sheet nanocomposite
after hot pressing and carbonization. Hot pressing reduced
voids and densified the nanocomposite to enhance the extent of
intertube contacts, thus improving mechanical properties.
However, the Young’s modulus of this carbonized PANI/
CNT nanocomposite is much lower than that of typical
engineering carbon fiber-reinforced composites. The antici-
pated improvement in modulus was not realized, very likely due
to the high catalyst content in the starting CNT material. High-
temperature carbonization of the PANI/CNT nanocomposites
where the CNT contained ∼10 wt % iron catalyst provides a
degradation mechanism from oxidation of the CNT by oxygen
released from the iron oxide catalyst. This reaction results in
the generation of voids that severely weaken the mechanical
property of the carbonized PANI/CNT nanocomposites.
Generally, hot pressing had a larger effect on tensile strength,

while carbonization had a greater impact on the Young’s
modulus. Elongation at failure decreased considerably after in
situ polymerization, and even more significantly upon
stretching and carbonization. As a result, toughness also
decreased significantly, especially after the carbonization
process. As shown in Figure 6h, the toughnesses of the
PANI/stretched CNT sheet nanocomposites were in the range
of 1.7−7.6 J/g after carbonization, while that of the untreated
CNT sheet was 47.8 ± 7.3 J/g (Figure 5d). While hot pressing
improved the strength of the PANI/CNT nanocomposites,
there was minimal decrease in toughness to 40 J/g at 20%
stretch, as shown in Figure 6d. The toughness value is
somewhat lower than that of state-of-the-art CNT yarns (close
to 100 J/g).20,42 In general, the form of PANI, i.e. emeraldine
salt (ES, electrically conductive form) or emeraldine base (EB,
nonconductive form) did not affect the mechanical properties
of the resultant nanocomposite. The reported mechanical data
were measured with the ES form of PANI.
The DC-electrical conductivity of the PANI/CNT nano-

composites along the CNT aligned direction was measured
using a four-point probe, and the results are summarized in
Figure 7. The DC-electrical conductivity of the pristine CNT
sheet was 342 ± 37 S/cm. The DC-electrical conductivity had a
significant dependence on the initial form of PANI used; the
highest values were obtained with the PANI/stretched CNT
sheet nanocomposites (621 ± 10 S/cm) in which the PANI
was in the emeraldine salt form. Generally, hot pressing
increased the electrical conductivity in both PANI forms,

because of densification of the materials. The electrical
conductivity of carbonized PANI/CNT nanocomposite was
not influenced by the form of PANI.

Failure Mechanism of Pristine CNT Sheet and PANI/
CNT Nanocomposites. The failure mechanisms of the
pristine CNT sheets and the PANI/CNT nanocomposites
were examined at the micrometer scale with an in situ tensile
tester (Gatan Microtest 200 stage and Deben controller)
equipped with an optical and an electron microscope. A strip of
the pristine CNT sheet was placed under a tensile strain and its
failure behavior was observed with an optical microscope (see
Supporting Information, video clip 1). Interpretation of the
failure mechanism of the pristine CNT sheets is complicated by
the variations in CNT sheet morphologies.43 Failure mecha-
nisms noted within the pristine CNT sheet included breaking,
sliding, debundling, telescoping, and delamination. The pristine
CNT sheet is composed of many layers of highly entangled,
mostly double-walled CNTs held together by both van der
Waals interactions between the tubes and the bundles and
physical entanglements. Pristine CNT sheets tended to fail via a
combination of mechanisms that include surface fracture and
sliding of the bundles during stretching, as well as delamination
of the separated layers, mostly close to the grips due to the
auxetic behavior under a tensile load.44 However, the failure
mechanism changed with the addition of PANI binder (see
Supporting Information, video clip 2). PANI served to bind the
CNT networks preventing delamination of the CNT layers.
Failure was initiated at one of the sample edges by localized
stress during necking under a tensile load, and then propagated
unidirectionally with simultaneous failure cracks, as shown in
Figure 8 and video clip 2 in the Supporting Information.
Multiple cracks developed from uneven load distribution in the
materials and were observed in both the PANI/CNT and the
hot-pressed PANI/CNT nanocomposites, as shown in Figures
8b and 8c, respectively. The PANI-coated CNTs oriented in
the direction of the tensile load were partially broken first and
subsequently telescoped from the CNT bundles or individual
tubes during the continuous stretching. Telescoped CNTs
bridged the cracks (marked by arrows in Figures 8b and 8c)
and transferred load until complete failure of the material
occurred. Telescoped CNTs were cleaner and thinner (Figure
8d), compared to the tube bundles in the PANI/CNT
nanocomposites. Considering the mechanical data of the
stretched samples (Figures 4 and 5), these studies strongly
suggest that better alignment of the CNTs in the axial direction

Figure 7. DC-electrical conductivity of the processed PANI/CNT
sheet nanocomposites. The abbreviations “ES” and “EB” stand for
emeraldine salt (electrically conductive form) and emeraldine base
(electrically nonconductive form), respectively.
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and better adhesion between the tube and the polymer binder
to reduce in-plane failure are critical factors to achieving
maximum load transfer in the CNT-based nanocomposites.

■ CONCLUSION
Various approaches to enhancing mechanical properties of
carbon nanotube (CNT) sheets for structural applications,
including a combination of solvent treatment, stretching, in situ
polymerization, hot pressing, and carbonization, were inves-
tigated. The CNTs and CNT bundles were packed more
closely when stretched, with PANI effectively locking the
aligned CNTs and their bundles in place to improve load
transfer and prevent shear sliding between the tubes as well as
between the CNT layers within the sheet macrostructure. Even
though hot pressing and carbonization of the PANI/CNT
nanocomposites improved the specific strength and modulus of
the materials, respectively, it can be concluded that improving
the overall mechanical properties of CNT sheet toward “super
strong” nanocomposites will require both improved CNT
alignment and optimized binding at the interface between
adjacent CNT bundles.
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