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ABSTRACT Nanocomposites of carbon nanotube fibers have been prepared using controlled polymer crystallization confined in
nanotube aerogel fibers. The polyethylene nanocomposites have been investigated by means of polarized optical microscopy (POM),
scanning electron microscopy (SEM) and wide-angle X-ray diffraction (WAXD). The individual nanotubes are periodically decorated
with polyethylene nanocrystals, forming aligned hybrid shish-kebab nanostructures. After melting and recrystallization, transcrystalline
lamellae connecting the adjacent aligned nanotubes develop. Microstructural analysis shows that the nanotubes can nucleate the
growth of both orthorhombic and monoclinic crystals of polyethylene in the quiescent state. The tensile strength, modulus, and axial
electrical conductivity of these polyethylene/CNT composite fibers are as high as 600 MPa, 60 GPa, and 5000 S/m, respectively.
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INTRODUCTION

Carbon nanotube (CNT) fibers have great potential for
various applications, not only for the development
of high performance lightweight fibers (1-6) but also

as the building block of advanced composite materials
(7-11). Infiltrating polymer solution into CNT fibers can lead
to CNT fiber based nanocomposites. As CNTs in the fibers
are aligned and can be millimeters long, the resultant
nanocomposites resemble the ideal reinforcing structure of
aligned, continuous CNTs in the polymer matrix (11). It has
been reported (11) that the epoxy-infiltrated CNT fibers (CNT
loading is 40 ( 10 vol %) have a tensile strength of 0.9-1.6
GPa and a modulus of 30-50 GPa, whereas the PVA-
infiltrated CNT fibers exhibit tensile strength and modulus
of 0.7-1.3 and 20-35 GPa, respectively.

In semicrystalline polymer nanocomposites, CNTs also
act as an orientation template and nucleating agent for
polymer crystallization (12-17). At CNT surfaces, the poly-
mer forms an ordered crystal layer with molecular chains
orienting along the CNT axis. The ordered polymer packing
on the CNT can enhance load transfer from the polymer
matrix to the CNTs across the interface and thereafter
improve the mechanical properties of the nanocomposites
(18-20). Recently, we have reported polymer transcrystal-
line structures induced by CNTs during isothermal melting
crystallization of polypropylene (20). It has been found that
the tensile strength and modulus of transcrystallized polypro-
pylene with 3 wt % CNTs are 200% higher than those of

the pure polypropylene crystallized by itself. It has been
suggested that the effective load transfer from the transcrys-
tallized polypropylene layer to CNTs contribute to such an
improvement (20).

In this work, we report CNT fiber-based nanocomposites
prepared by controlled polymer crystallization from both
solution and melt. Both hybrid shish-kebab nanostructures
and transcrystalline lamellae around the individual nano-
tubes are discovered and the mechanical properties of
resultant nanocomposites are evaluated.

EXPERIMENTAL SECTION
Vertically aligned CNT arrays were synthesized by chemical

vapor deposition (CVD) (21-23). The resultant CNTs were
multiwalled with an average 10 nm diameter and 1.0 mm
length. The CNT fibers were produced from the aligned CNT
arrays using a dry-drawing process (24). The intertube spacing
in the CNT fibers was in the order of 10-100 nm. The as-drawn
CNT aerogel fibers were immersed in 0.01 wt % solution of
high-density polyethylene (HDPE, MFI ) 12 g/10 min under
190 °C/2.16 kg, Aldrich Co.) or ultrahigh molecular weight
polyethylene (UHMWPE, average Mw ) 3-6 × 106 g/mol,
Aldrich Co.) in p-xylene at 120 °C for 10 min. The system
temperature was then reduced to 103 ( 1 °C and annealed for
varying lengths of time between 2 and 12 h. The fibers were
then washed in ethanol and dried at 50 °C under a vacuum
overnight. The isothermal melting crystallization of the resultant
composite fibers was conducted in an oven, where the speci-
mens were annealed at 180 °C for 5 min and then at 120 °C
overnight.

The cross-sections of the composite fibers were obtained by
the microtoming samples that had been prepared by immersing
in a resin mixture of methyl methacrylate (75 mL), dibutyl
phthalate (5 mL), and benzoyl peroxide (2.5 g). The mixture was
subsequently cured at 37 °C under a vacuum overnight (24).
The composite fibers embedded in the polymer resin were then
microtomed by a diamond knife. After coating with gold the
specimens were examined in a scanning electron microscopy
(SEM, LEO 1530) operated at 5 kV. Optical microscopy was
conducted on a Leica DMRX optical microscope with cross
polars. Thermogravimetric analysis (TGA) was performed using
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a TGA-Q5000 (TA Instruments) with a heating rate of 10 °C/
min under nitrogen. Wide-angle X-ray diffraction (WAXD) pat-
terns were obtained in transmission mode using a Rigaku
Micromax-002 (λ ) 0.15418 nm) and Rigaku R-axis IV ++
detection system. The mechanical properties of the composite
fibers were determined using RSA III solids analyzer (Rheomet-
ric Scientific, Co.) at room temperature at a test speed of 0.05
mm/min with a gauge length of 10 mm.

RESULTS AND DISCUSSION
Figure 1a shows a typical optical image under cross polars

of the CNT-HDPE nanocomposite fiber after 2 h solution
crystallization. The nanocomposite fiber is highly birefrin-
gent. The SEM image of the nanocomposite fiber shows
periodic, disk-shaped PE nanocrystals, leading to aligned
hybrid shish-kebab nanostructures (Figure 1b and c). CNT-
induced hybrid shish-kebab nanostructures in the quiescent
state were initially reported by Li et al. in the mixture of CNTs
and HDPE during controlled solution crystallization (25).
CNT-induced hybrid shish-kebab nanostructures have now

been reported in polymers of nylon (26), poly(vinyl alcohol)
(PVA) (27), and polyethylene-b-poly(ethylene oxide) (PE-b-
PEO) (16) using the similar mixing methods. In contrary, PE
nanocrystals in this work grow inside the aligned CNT fibers.
Therefore, PE nanocrystals not only form on the individual
CNT surface but also develop on across a number of CNTs
(Figure 1c, see arrows). This observation is different from
the classical shish-kebab structures where the kebabs only
wrap on one shish (28-30).

Figure 2 shows SEM images of HDPE and UHMWPE
nanocomposites prepared by controlled solution crystalliza-
tion for varying amounts of time. As expected, aligned
hybrid shish-kebab nanostructures are observed in both
systems. After 2 h of crystallization, in both HDPE and
UHMWPE samples, nanocrystals were observed on the CNT
surfaces (Figure 2a,c). Average lateral dimensions and pe-
riodicity of spacing between the nanocrystals of ∼30 ( 15
nm and ∼40 ( 20 nm, respectively, were observed in both
the HDPE and UHMWPE matrices. The CNT loading in the
nanocomposites annealed for short solution crystallization
times calculated be ∼70 wt % by TGA. Increasing crystal-
lization time to 12 h resulted in extensive PE nanocrystal
growth on the CNTs (Figure 2b,d). PE nanocrystals have
grown to such an extent that the individual CNTs are difficult
to be identified. CNT loading in the 12 h crystallized com-
posite fibers was ∼30 wt %.

PE nanocrystals have been observed to grow on more
than one adjacent CNTs. This leads to an interlocking of two
or more CNTs by a polyethylene crystal. It is conceivable that
this unique morphology enhances the load transfer between
polyethylene nanocrystals and CNTs, when the sample is
stretched (31).

WAXD data of HDPE and UHMWPE nanocomposites
after 2 and 12 h of crystallization are shown in Figure 3. With
increasing crystallization time from 2 to 12 h, the degree of
crystalllinity increased from 25-30% to 60-65%, respec-
tively. The high level of crystallinity is attributed to more
complete PE crystallization in dilute solution. All the samples
show similar diffraction patterns. The 2D WAXD patterns
are anisotropic with the most intensity at the equator
associated with the oriented PE nanocrystals and CNTs. This
observation is consistent with the optical results (Figure 1a).
The reflection at 2θ ) 25.5° comes from the graphite (002)
plane of the CNTs. The main peaks at 2θ ) 21.5 and 23.9°
are indexed as (110) and (200) planes of the orthorhombic
form of PE, respectively (32). An additional reflection located
at 2θ ) 19.5° is indexed as the (010) plane of the monoclinic
form of PE (32). In general, the monoclinic form of PE is
metastable in pure polymers and is only obtained under
either high pressure (33) or large deformations, for example,
during mechanical stretching (34). The formation of mono-
clinic PE crystals during quiescent crystallization at atmo-
sphere pressure, observed in the current work, demonstrates
that the CNTs act as a nucleating agent for the monoclinic
PE crystallization.

To study the effect of thermal treatments on the polymer
morphology in the nanocomposites, the effect of isothermal

FIGURE 1. HDPE nanocomposite fiber by solution crystallization for
2 h. (a) Optical image under cross polars. Polarizer and analyzer
directions are shown by arrows, (b) SEM image at low-magnification,
(c) SEM image at high-magnification. Arrows in c show polymer
nanocrystals grown on adjacent nanotubes.
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melting recrystallization was investigated. Figure 4a shows
a typical SEM image of a melt recrystallized nanocomposite
containing 30 wt % CNT. The aligned hybrid shish-kebab
nanostructures formed after solution crystallization are
replaced by oriented crystalline lamellae connecting the
adjacent aligned CNTs. This supramolecular hybrid nano-
structure is identified as the transcrystalline interphase with
polymer chains parallel to the CNT axis (15, 17, 20). WAXD

patterns of melting recrystallized nanocomposites are simi-
lar to those of solution crystallized nanocomposites (Figure
4b). PE orientation along the CNT axis is apparent and both
orthorhombic and monoclinic forms of PE are identified.

The cross-sectional areas of the nanocomposite fibers
used to calculate their mechanical properties were measured
from SEM images (Figure 5). Panels a and b in Figure 6 show
typical stress-strain curves of the HDPE and UHMWPE

FIGURE 2. SEM images of nanocomposite fibers by solution crystallization. HDPE composites with (a) 2 and (b) 12 h of crystallization, UHMWPE
composites with (c) 2 and (d) 12 h of crystallization.

FIGURE 3. WAXD data of nanocomposite fibers by solution crystallization. HDPE composites with (a) 2 and (b) 12 h of crystallization, UHMWPE
composites with (c) 2 and (d) 12 h of crystallization. The insets show 2D WAXD patterns.

A
R
T
IC

LE

1644 VOL. 2 • NO. 6 • 1642–1647 • 2010 Zhang et al. www.acsami.org



nanocomposites, respectively, with characteristic data from
these measurements are listed in Table 1. As a comparison,
the data for pure CNT fibers after densification in ethanol
are also included. The pure CNT fibers are weak because of
the slippage of CNTs during stretching (24). With PE nano-
crystals as a binder, the nanocomposites showed improved
mechanical properties as expected. With hybrid shish-kebab
nanostructures, both HDPE and UHMWPE nanocomposites
showed ∼70-300% increase in Young’s modulus depend-

ing on the CNT loading. UHMWPE nanocomposites of CNT
fibers with 70 wt % CNTs show modulus values as high as
∼60 GPa. It should be noted that the cross-sectional areas
used for calculating the mechanical properties might be
slightly overestimated, because the polymer resin used for
microtoming could have penetrated into the fiber before
curing and thereby swollen the fiber in these SEM samples
(9). As a result, the actual mechanical properties of the
nanocomposites might be slightly larger than we have
determined.

In general, PE shish-kebab structures formed by the
chain-folded kebab lamellae typically have a low stiffness of
∼0.2 GPa (35). However, in systems where the PE kebabs
lamellae are able to form a parallel and interlocking arrange-
ment, the load is able to transfer from PE kebab lamellae to
chain-extended shish. As a result, the shish-kebabed PE have
moduli values close to those of chain-extended shish (28-30).
PE processed by stirring and surface-growth techniques have
also shown to develop such interlocking shish-kebab struc-
tures evidenced by TEM and the modulus of the resultant
PE can reach up to 50-90 GPa (30). It is reasonable to
assume that a similar interlocking of hybrid shish-kebab
nanostructures observed in this work is responsible for the
high moduli values in the nanocomposites.

After melting and recrystallization, ductile deformation
behavior is observed for both HDPE and UHMWPE nano-
composites. This observation is attributed to the presence
of the transcrystalline interphase, the growth of which is
induced by the individual CNTs. The stretching of the melt
crystallized nanocomposites was accompanied by the
development of necking. Recently, we reported that CNTs
induced polypropylene transcrystallinity in the bulk with
similar ductile deformation (20). It is assumed that the
transcrystalline lamellae are being unfolded during stretch-
ing, which contributes to the large elongation and conse-
quently plastic deformation observed in these structures
(36). As a result of the transcrystallinity, the HDPE and
UHMWPE nanocomposites in this work also possess high
tensile strength and modulus. The effective load transfer
from the transcrystalline PE to individual CNTs may con-
tribute to such high mechanical performance.

The structure of these nanocomposite fibers also plays a
significant role in their electrical conductivity capabilities.
The DC electrical conductivity of the nanocomposite fibers

FIGURE 4. HDPE nanocomposite fibers with 30 wt % CNTs after
melting and recrystallization. (a) SEM image and (b) WAXD data.
The inset of a shows schematic illustration of transcrystalline
nanostructures and the inset of b shows the 2D WAXD pattern. The
arrow in a shows the fiber axis.

FIGURE 5. SEM images of cross sections of HDPE nanocomposite fibers with (a) 70 and (b) 30 wt % CNTs. Arrows show the cutting directions.
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was determined along the fiber axis using a two-point probe
test. The current-voltage (I-V) curves of the nanocomposite
fibers were linear as shown by a typical set of results in
Figure 7. The room temperature axial conductivity for all the
samples is in the range of ∼5 ( 1 × 103 S/m, which as may
be anticipated is less than that of the pure CNT fibers (∼5×
104 S/m). However, the conductivity of the composite is
remarkably high and reflects both the high CNT content as
well as the CNTs being continuous and highly aligned.

CONCLUSIONS
We have studied carbon nanotube fiber-based nanocom-

posites prepared by controlled polymer crystallization. In a
dilute solution, polyethylene diffuses into the nanotube
aerogel fibers and crystallizes on the individual nanotube
surface in a folded periodic fashion. The resulting polymer
nanocrystals form perpendicular to the nanotube axis, form-
ing aligned hybrid shish-kebab nanostructures. After melting
recrystallization, the transcrystalline lamellae are produced
which bridge between the adjacent aligned nanotubes.
Structural analysis showed that nanotubes act as an oriented
template and nucleating agent for PE crystallization in both
orthorhombic and monoclinic forms. The PE nanocompos-
ites with shish-kebab nanostructures and transcrystalline
interphase exhibited high tensile strength and modulus. The
effective load transfer from the ordered polymer crystals to
the individual CNTs contributes to the good mechanical
performance. The present technology provides potential
advantages for preparing high-performance nanocomposites
with high loading of aligned carbon nanotubes, as polymer
crystallization improves the strong physical bonding be-

FIGURE 6. Stress-strain curves of (a) HDPE nanocomposites, (b) UHMWHE nanocomposites; schematic illustration of (c) interlocking of hybrid
shish-kebab nanostructure and (d) transcrystalline nanostructure.

Table 1. Mechanical Data of CNT-PE Nanocomposites with Shish-Kebab (SK) and Transcrystalline (TC)
Structures

samples CNT loading (wt%) strength (GPa) modulus (GPa) elongation to break (%)

pure CNT fiber 100 0.30 ( 0.05 15 ( 5 3.5 ( 0.5
CNT-HDPE-SK2h 70 0.50 ( 0.18 45 ( 18 1.2 ( 0.2
CNT-HDPE-SK12h 30 0.35 ( 0.10 25 ( 15 2.0 ( 0.6
CNT-HDPE-TC2h 70 0.55 ( 0.22 40 ( 10 3.0 ( 1.0
CNT-HDPE-TC12h 30 0.40 ( 0.24 40 ( 8 2.0 ( 1.2
CNT-UHMWPE-SK2h 70 0.55 ( 0.15 60 ( 15 1.5 ( 0.5
CNT-UHMWPE-SK12h 30 0.40 ( 0.20 35 ( 25 2.2 ( 1.0
CNT-UHMWPE-TC2h 70 0.60 ( 0.25 55 ( 20 4.5 ( 1.5
CNT-UHMWPE-TC12h 30 0.43 ( 0.20 30 ( 18 2.0 ( 1.3

FIGURE 7. Typical current (I)-voltage (V) plot of an HDPE nano-
composite fiber.
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tween the polymer and nanotubes without damaging the
pristine nanotube structures.
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