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Abstract

Carbon nanotubes have exceptional mechanical,
electrical, and thermal properties, which are
strongly anisotropic. In order to fully utilize these
properties, numerous carbon nanotube/polymer
composite fibers have been produced and
investigated. In this review, we summarize recent
developments in terms of methods of fiber formation
and their resulting properties. Polymer/carbon
nanotube fibers can be processed using melt or
solution spinning. Solutions spinning technologies

Correspondence/Reprint request: Prof. Byung Gil Min, School of Advanced Materials and System Engineering
Kumoh National Institute of Technology, Gumi, Republic of Korea. E-mail: bgmin@kumoh.ac.kr



44 Byung Gil Min et al.

include wet, dry, dry-jet, and gel spinning. Fibers can also be spun using
electro spinning. Carbon nanotubes used can be single-wall, double-wall,
multi-wall, or vapor grown carbon nano fibers. Most composite fibers
processed to date contain less than 10 wt% carbon nanotubes, though there
are a few studies where carbon nanotube content is 60 wt% or higher. In
most cases, the addition of carbon nanotube results in increased tensile and
compressive properties, enhanced fatigue resistance, increased solvent
resistance, as well as increased glass transition temperature. Carbon
nanotubes act as a template for polymer orientation and a nucleating agent
for polymer crystallization. This ability of carbon nanotubes is expected to
have profound impact on polymer and fiber processing, as well as on the
resulting morphology and properties. The results of studies carried out to
date are briefly reviewed in this paper.

1. Introduction

At the end of nineteenth century, only natural fibers such as cotton, wool,
and silk were available. Man-made fibers were being developed at that time.
Most man-made or synthetic fibers that we know today have been developed
in the last 70 years or so. In the category of polymeric fibers, these include
polyester, nylon, polyethylene, polypropylene, acrylic, spandex, Nomex®,
Kevlar®, and Zylon®. This list of polymeric fibers is not complete. The
category of other fibers includes carbon fibers, silicon carbide, alumina,
glass, alumina-borosilicate, and boron. More than 50% of the fibers used in
the world today did not exist just hundred years ago. A ten-fold increase in
fiber tensile strength has been achieved over last hundred years (from about
0.5 GPa hundred years ago to more than 5 GPa today). The decision by the
DuPont Co’s board in 1927 at the prodding of its chemical director Charles
Stine [1] to invest in the unproven concept of macromolecules transformed
the company into a major fiber producer of the world for the 20" century.
The importance of this decision by the DuPont’s board must be viewed in the
light of the following facts: (a) In early 1900, DuPont was a gun powder
company. Why would a company in the gun powder business invest in the
unproven concept of macromolecules? No one at that time could have
predicted that you can take crude oil and convert it into fine textiles, bullet
proof vests, fuselage of an airplane, or a medical suture. (b) The Chemistry
Nobel laureate (1902) Emil Fisher had proclaimed that there are no molecules
with molecular weight greater than 5000. (c) Fisher’s authority in the field
was so great that no one dared question him. However, by 1920s there was
significant evidence for high molecular weight compounds that compelled
Hermann Staudinger (Chemistry Nobel prize 1953) to champion the concept



Composite fibers 45

of macromolecules [2]. (d) Hermann Staudinger was ridiculed by most
academic chemists at that time and they stated that Staudinger was corrupting
Chemistry and that there were no such large molecules. (e) Nearly half a
dozen academic chemists turned down job offers from DuPont to head their
program for investigating macromolecules, before a young lecturer from
Harvard (Carothers) accepted the job.

Polypropylene, first made in 1930s, was not very useful until 1950s when
Ziegler and Natta developed catalysts that made isotactic polypropylene
possible. For this discovery Ziegler and Natta shared 1963 Chemistry Nobel
prize. Polyethylene, which has been extensively used since 1930s, was
processed into high-performance fibers by gel spinning in 1970s.

The concept of nanotechnology is perhaps at the similar development
level today as was the concept of macromolecules in 1930s. We believe that
just as the development of polymers revolutionized the materials field in the
twentieth century, similarly the developments in the field of nanotechnology
will revolutionize the materials field in the twenty-first century. It is expected
that nanotechnology will enable fibers, films, coatings, and bulk materials
that will have major impact on energy harvesting, energy storage, CO,
consumption, and health care.

Carbon nanotube (CNT) research represents a sub-field of nanotechnology.
The carbon nanotubes were first recognized in 1991, though they existed before
this period but were not recognized as such. During this 17 years period
(as of June 2008), more than 32,000 research papers have been published on
the topic of carbon nanotubes and over 1800 of these papers address the issue
of carbon nanotube fiber or carbon nanotube containing fiber. This suggest
that the topic of nano technologically driven fibers is rather large, and even
the somewhat narrower topic of CNT containing fibers is also quite vast to be
comprehensively covered in this article. Therefore only a brief overview of
carbon nanotube containing polymeric fibers is presented here.

It has been a challenge to make macro-scale CNT structures in the form
of continuous fiber to fully utilize their outstanding mechanical properties.
Poulin and co-workers [3] introduced protocols that enabled well-dispersed
CNTs to be injected into a "non-solvent" (coagulation bath) to obtain
continuous fibers using the process known as wet-spinning [4]. Baughman
and co-workers [5, 6] took significant strides forward to improve the
production and processing led to fibers composed of 60 wt% of CNTs with
strength that equals the highest performance spider silk and with higher
toughness than previously reported for any organic fiber.

Neat CNT fibers can also be processed from liquid media [7, 8].
Alternatively, they may be pulled from nanotube “forests” [9] or drawn as an
aerogel fiber from the gas phase in a reactor [10, 11]. The latter process
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appears to be particularly promising. The specific strength of this fiber is up
to 2.5 times that of the strongest commercial fiber today. There have been
many reports [7, 8, 10-18] on the preparation and properties of neat CNT
fibers or yarns, but this section focuses only on the CNT/polymer composite
fibers. The CNT composite fibers have been dealt with partly in several
reviews on CNT composites [19-21]. This review mainly focuses on the
composite fiber formation and applications thereof.

2. Formation of CNT/polymer composite fibers

Commodity textile fibers such as poly(ethylene terephthalate) (PET),
polypropylene, nylon 6, nylon 66, and polyethylene are processed using melt
spinning and have a tensile strength in the range of 0.3 to 1.0 GPa, modulus
in the range of 2 to 10 GPa, and elongation-to-break in the range of 10 to
50%. High-performance polymeric fibers on the other hand are processed
either from lyotropic liquid crystals (Kevlar® and Zylon®) or by gel spinning
(Spectra®), and have strength, modulus, and elongation to break in the ranges
of 3to 6 GPa, 100 to 280 GPa, and 2 to 5%, respectively. Despite significant
developments in the polymer synthesis and processing, the basic molecular
structure of synthetic fibers such as PET and nylon has not changed since
their introduction to the world more than half-a-century ago [22].
Approximately 70 billion kg fibers are consumed annually world-wide, of
which nearly 55% are man-made fibers.

Technical and industrial applications, such as ropes and tire cords, among
other properties require high strength and high modulus. The cost of high-
performance fibers is generally above $40/kg, while the cost of commodity
textile fibers is typically below $5/kg. There is a significant performance and
price gap between the commodity textile fibers such as PET, nylon, and
polypropylene on one hand, and high-performance polymeric fibers such as
Kevlar® and Zylon® on the other. Use of carbon nanotube in polymeric
materials has the potential to close the performance gap between these two
classes of fibers.

2.1. The CNT composite fibers by solution spinning

As the dispersion of nanotube in polymer matrix is an important factor in
preparation of polymer/CNT composite fibers, solution processing has been
extensively used to prepare these fibers. One of the benefits of this method is
that agitation of the nanotube powder in a solvent facilitates nanotube
dispersion. In general, agitation is provided by magnetic stirring, shear mixing,
reflux, or most commonly, ultrasonication. Sonication can be provided in two
forms, mild sonication in a bath or high-power sonication using a tip or horn
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[20]. Vigolo et al. [3] demonstrated fiber formation by injecting CNT solution
into a rotating bath of poly(vinyl alcohol) (PVA)/water solution, showing
enhanced CNT alignment. This method was further improved by Dalton et al.
[23, 24] Furthermore, Miaudet et al. [8] have shown that these fibers can be
drawn at above the glass transition temperatures of PVA, resulting in improved
nanotube alignment and polymer crystallinity.

There have been a number of reports on the composite fibers using various
types of polymers and CNTs as summarized in Table 1 [8, 13, 23-57].

Table 1. Polymer/CNT composite fiber formation through solution spinning [8, 13,
23-57].

Polymer CNT Focus of the research Reference Year

DNA SWNT Supercapacitors, artificial muscles [45] 2008

PAN SWNT Structure [53] 2008

Chitosan, DNA | SWNT Conducting CNT biofibers [41] 2008

PVA/gelation MWNT | Compatibility, mechanical properties [50] 2008

PAN SWNT Stabilization and carbonization [27] 2007

Lyocell MWNT | Mechanical properties [30] 2007

PVA N/A Electrlc:aIIy conduc_tlve yarn, [55] 2007
mechanical properties

PVA N/A Fiber formation from_ [37] 2007
polyelectrolyte solution

Chitosan/PANI | SWNT Dual mode actuation [47] 2007

PU MWNT Electrogctlve shape memory [44] 2007
properties

PVA SWNT Mechanical properties [40] 2007

PANI N/A Electrocheml_cal properties for 52] 2007
battery materials

Lyocell MWNT | Mechanical properties [56] 2007

PAN SWNT SWNT_exfollatlon, mechanical [26] 2006
properties

PVA, PLGA swNT | Medical application as a [38] 2006
biocompatible materials

PANI SWNT High strength artificial muscles [46] 2006

PANI SWNT Mechanical and electrical properties [33] 2006

Chitosan Mechanical properties, pH sensitivity [46] 2006

PANI SWNT Acrtificial muscles [34] 2006

PVA SWNT Orientation of polymer and CNT [32] 2006

PVA SWNT Surfactant free spinning [36] 2006

UHMWPE MWNT | Gel spinning, mechanical properties [43] 2006

SWNT . . .
PAN DWNT Orr(;er;:?itégn, mechanical and thermal 28] 2005
MWNT | ProP
PAN SWNT Oxidative stabilization [31] 2005
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Table 1. Continued

PAN, PBO SWNT Dispersion and exfoliation of CNT [51] 2005

PEI SWNT Conductive fiber [35] 2005

PVA SWNT PV A coagulation, pure CNT fiber [49] 2005
CNT fibers through wet spinning

PVA MWNT into PVA solution as coagulant [8] 2005

UHMWPE SWNT Mechanical properties [54] 2005

PVA SWNT Hollow polymer free CNT fibers [13] 2005

PAN SWNT Mechanical properties [48] 2004

PVA SWNT Mechanical properties [57] 2004
Mechanical properties,

DNA SWNT electrochemical behavior, [25] 2004
capacitance

PVA MWNT | Mechanical properties [24] 2003

UHMWPE MWNT | Gel spinning, mechanical properties [42] 2003
Rigid-rod polymer fiber with

PBO SWNT enhanced mechanical properties [29] 2002
CNT fibers through wet spinning

PVA SWNT into PVA solution as coagulant [39] 2002
CNT fibers through wet spinning

PVA SWNT into PVA solution as coagulant [23] 2003

Figure 1. SEM micrographs of the carbonized (a) PAN and (b) PAN/SWNT (1 wt%
SWNT) [27].

Kumar et al. [29] demonstrated the possibility to prepare super-strong
fibers by using poly(p-phenylene benzobisoxazole) (PBO). They also
suggested that polyacrylonitrile (PAN)/single-wall carbon nanotube (SWNT)
composite fibers can be used as a precursor for carbon fibers with enhanced
mechanical properties [27, 31]. They reported that carbonized PAN/SWNT
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(12 wt% SWNT) fibers exhibited 64 % higher tensile strength and 49 % higher
tensile modulus than the carbonized control PAN fiber.

Figure 1 shows scanning electron microscopy (SEM) images of the
carbonized PAN and PAN/SWNT fibers. High-resolution transmission
electron microscopy (HR-TEM) and Raman spectroscopy evidenced the
graphitic structure formation in the vicinity of SWNT at a relatively low
carbonization temperature (~ 1100 °C). Electrically conductive fibers are also
one of major applications of CNT composite fibers [4, 35]. Recently fibers
were also made from the solution of natural polymers such as DNA, chitosan,
and gelatin for application as biomaterials such as artificial muscles [34].

2.2. The CNT composite fibers by melt spinning

Melt processing is particularly useful for dealing with thermoplastic
polymers. A number of studies have focused on production of composite
fibers by melt processing as summarized in Table 2 [58-79]. One of the
earliest studies on melt processing of polymer—nanotubes composites was
carried out by Haggenmueller et al. [66] Main target of the melt-spun fibers
is enhancement of mechanical properties and electrical conductivity.
However, in the fabrication of CNT-reinforced composites, the CNT
dispersion in the matrix is one of the most critical issues. As the dispersion of
CNT in polymer melt is much more difficult than in solution, many kinds of
methods have been investigated to enhance the dispersion.

Meng et al. [72] incorporated multi-wall carbon nanotubes (MWNT) into
the shape memory polyurethane fiber by in-situ polymerization with
treatment of MWNT in concentrated nitric acid and sulfuric acid. They
demonstrated that through the mechanical stirring, ultrasonic vibration, melt
blending, extrusion and melt spinning, the MWNT were distributed
homogenously and preferentially aligned along the fiber-axial direction.
Shen et al. [77] premixed CNT with poly(ethylene terephthalate) (PET) in a
solvent followed by melt spinning after drying the mixture. They demonstrated
that the tensile strength of the composite fibers increased by 36.9 % (from 4.45
to 6.09 cN/dtex), and the tensile modulus increased by 41.2 % (from 80.7 to
113.9 cN/dtex) by adding 0.02 wt% of acid treated MWNT.

Meng et al. [73] suggested that the aligned MWNTSs provided shape
memory fiber with much higher shape recovery ratio and shape recovery
force because the aligned MWNTs could help storing and releasing the
internal elastic energy during stretching and shape recovering. Besides, it was
also found that compared with pure shape memory polymer (SMP)
(polyurethane is the SMP used in this study) fiber, SMP-MWNT fibers
recovered the original length more quickly providing the possibility of
producing more sensitive smart instruments.
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Table 2. Polymer/CNT composite fiber formation through melt spinning [58-79].

Polymer | CNT Focus of the research Reference | Year
PU MWNT In situ polymerization, shape memory [72] 2008
materials
PET MWNT Functionalized CNT, mechanical properties [77] 2008
Plasticized melt processing and electro-
PAN MWNT spinning, PAN/CNT interaction [79] 2007
PU MWNT | Shape memory fiber [73] 2007
PP MWNT Process-morphology-property relationships [67] 2007
PU MWNT Mechanical properties, elastic properties [62] 2006
PET MWNT Conductive fibers [71] 2006
PC SWNT Mechanical properties [65] 2006
MWNT
PAM MWNT L_C_P/CNT composite fibers, disruption of [69] 2006
fibillar structure
PC MWNT Conductive fiber [75] 2005
PC MWNT Molecular orientation [64] 2005
PP SWNT Mechanical properties [61] 2005
PP SWNT Mechanical properties [74] 2004
PA12 MWNT Mechanical properties [76] 2004
PP MWNT Improving the antistatic ability [70] 2004
Pl SWNT SWNT alignment in Ultem [78] 2004
PP SWNT Crystal!lzatlon and orientation, mechanical [60] 2003
properties
Pitch MWNT | Carbon fiber microstructure [63] 2003
PP MWNT Electrical properties [58] 2002
PP MWNT Mechanical properties [68] 2002
PMMA SWNT Mechanlcal_ and electrical properties, [66] 2000
nanotube alignment
Pitch SWNT Carbon fiber [59] 1999
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2.3 Polymer/CNT composite fibers by electro-spinning

Another method used recently to form polymer/CNT composite
nanofibers from solution is electro-spinning. Electro-spinning allows the
fabrication of fibers with diameters down to a few tens of nanometers.
Electro-spinning is not only the focus of intense academic investigation; the
technique is already being applied in many technological areas.

Ko et al. [80] firstly described electro-spinning as a method to fabricate
polymer/CNT composite fibers and yarns. Fibers with diameters between
10 nm and 1 um can be produced in this method. In a similar study,
Sen et al. [81] formed fiber based membranes by electro-spinning solution
of SWNT dispersed in either polystyrene or polyurethane. Kim et al. [82]
prepared electro-spun composite fibers based on polycarbonate with
MWNT. They reported that the membrane composed of the composite
fibers exhibited strong and tough properties. They suggested that the results
may provide a feasible consideration of such electro-spun composite fibers
for use as the reinforcing elements in a polymer based composite of a new
kind.

On the other hand, electro-spinning is a useful method to obtain an
effective structure for biomedical application like scaffold. McCullen et al.
[83] investigated electro-spinning of poly (L-D-lactic acid) (PLA) with the
addition of MWNT for development of a scaffold for tissue engineering.
Meng et al. [84] reported the nano fibrous scaffold of MWNT/polyurethane
composite with an average fiber diameter of 300 - 500 nm by electro-
spinning. They demonstrated that the composite scaffold exhibited
enhancement not only to the cell adhesion and proliferation but also to the
cell migration and aggregation. Hence, the nano fibrous architecture and
MWNT incorporation provided favorite interactions to the cells, which
implied the applicable potential of the nano fibrous composite for tissue
repair and regeneration. The studies on the polymer/CNT composite nano
fibers by electro-spinning including of the most recent reports are
summarized in Table 3 [80-98].

2.4. CNT as a nucleating agent in polymer composite fibers
Nucleating agents for polymer crystallization play an important role in
processing polymer/CNT fibers. There are no other nucleating agents as long
and as narrow as carbon nanotubes and particularly SWNT. The work
utilizing this ability of carbon nanotubes has gained momentum since 2001.
In 2007 alone, more than 100 research papers appeared addressing some
aspect of polymer crystallization aided by CNT. Initial attempts in fabricating
polymer/CNT composites focused on achieving mechanical properties based on
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the rule-of-mixtures. In this early work, carbon nanotube content used in the
polymer matrix was as high as 60 wt% [99]. While improvements occurred in
many physical and mechanical properties, the absolute properties of the
composites, particularly mechanical properties were not as high as expected.

Table 3. Polymer/CNT composite fiber formation through electro-spinning [80-98].

Polymer CNT Focus Of the research Reference | Year

PAG MWNT )(/:;)rr;]tmuous twisted composite nanofiber [86] 2008

PU MWNT Bioapplication: scaffold [84] 2008

Butadiene MWNT Mechanical properties [85] 2008

elastomer

PAN MWNT I_Dlastlmged melt processing, CNT/PAN [97] 2007
interaction

PAN MWNT | Traditional and vibration electro-spinning [98] 2007

PVA MWNT Mechanical properties [91] 2007

PAG MWNT Morphology and mechanical properties of [92] 2007
nanofibers

PLA MWNT Deyelopr_nent of a scaffold for tissue [83] 2007
engineering

PAN MWNT Composng (_:arbon fiber preparation by [87, 88] 2007
electro-spinning 2006

PMMA CNF Electro-spun fiber [94] 2006

PPy MWNT The elec_trt_)chemlstry and current-voltage [90] 2006
characteristics

Polymers | CNT Appllcatlon_s in medicine, sensors, catalysts [89] 2005
and photonics

PBT MWNT Electro-spun fiber [95] 2005

PC MWNT Nanoporous electro-spun fiber [82] 2005

P | SWNT | Core(CNT) - shell (PMMA) nanofiber 93] | 2005

PS, PU SWNT Nanofiber membrane [81] 2004

PVDF MWNT Electrical properties [96] 2003

PLA, -

PAN SWNT Electro-spinning [80] 2003
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This was generally attributed to the following three factors: (a) poor CNT
dispersion, (b) impurity in the carbon nanotube, (c) poor interfacial strength
between the polymer and the carbon nanotube. However when high purity
nanotubes are well dispersed and exfoliated in the polymer matrix, good to
excellent tensile property composites can be obtained [26, 27, 29, 51, 66,
100-103]. It is being increasingly recognized that only when a small quantity
of carbon nanotube, particularly SWNT, are dispersed and exfoliated in
polymer matrix, then it can affect the polymer orientation and crystallization
[26, 76, 104-110].

Both SWNT and MWNT have been shown to act as a nucleating agent
for polymer crystallization [104, 107, 111-119]. Such studies have been
carried out on more than ten polymer systems. These include polypropylene
[120], polyethylene [105], nylon 6, nylon 66, poly(ethyelene terephthalate)
(PET) [121], poly(butylene terephthalate) (PBT), poly(vinyl alcohol) (PVA)
[108, 122-124], poly(e-caprolactone) [125], and poly(m-phenylenevinylene-
co-2,5 dioctyloxy-p-phenylenevinylene) [126]. Carbon nanotube concentration
for the study of crystallization has often been in the range of 0.01 to 1 wt%.
In PET/SWNT composites with SWNT content ranging from 0.03 to 3 wt%
the rate of crystallization compared to neat PET samples increase as the
SWNT content increases [127]. In some cases higher nanotube concentration
(e.g. 15 wt%) has been used. Polymer structure and CNT type (e.g. SWNT or
MWNT, pristine tube vs. functionalized tube, etc.) affect the interaction
between the two entities, which ultimately affect the polymer orientation
and crystallization. The use of CNTs at low concentrations results in
faster crystallization rates at higher temperatures than would be possible
without CNT in the same system. Isothermal crystallization studies of
polyethylene/SWNT composites show that onset of crystallization can occur
earlier in the composites than the neat polymer, and the crystallization rate is
faster in the composite [128]. In-situ polymerization of e-caprolactone in the
presence of SWNT leads to the formation of film nanocomposites containing
g-caprolactone functionalized SWNT in the polymer matrix with
concentrations from 0.5 to 4.6 wt%. Differential scanning calorimetry (DSC)
results implied that the presence of SWNT in the e-caprolatone matrix
increased crystallinity, and the crystal growth was much faster [113].
WAXD studies of melt-spun polyethylene and polyethylene/SWNT fibers
show that after melting and recrystallization neat polyethylene fibers are
isotropic while polyethylene/SWNT fibers retain some orientation [105].
Melt-processed injected molded PBT/SWNT composites show that SWNT
template polymer orientation during shearing and also template polymer
crystallization [129, 130].
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When the SWNT and surrounding material have high interaction
templating behavior is observed. Small molecules such as H,SO, have been
shown to form ordered structures induced by SWNT [131]. X-ray diffraction
gives evidence of orientation. Proteins have been shown to crystallize in an
ordered helical fashion on the surfaces of MWNT [132]. The MWNT that
induces protein crystallization are of a specific size, and protein
crystallization occurred consistently throughout the system. SWNT has also
been shown to induce crystallization and orientation in the sheared polymer
melt [129], and polymer melt containing aligned SWNT [133].

Polyethylene (PE) and nylon 66 have been shown to crystallize on the
surface of both SWNT and MWNT to form nano hybrid shish kebab
structures [111]. Recently PE oligomers have been shown to decorate the
surface of SWNT by a mechanism of “soft-epitaxy” [112]. Polyvinylidiene
fluoride, and poly(L-lysine) have also been used to form nano-hybrid shish
kebab structures on CNT [134]. CNT also promote smaller crystal size as
well as smaller spherulite size [104, 105, 107], and this is indicative of the
increased number of nucleation sites due to SWNT. Depending on the
processing conditions, at higher carbon nanotube concentrations,
crystallization can be hindered.

Polymer containing CNT can also retain their orientation in melt. SWNT
induced oriented crystallization is exhibited in PET/SWNT composites [127].
In these samples PET and PET with 1wt% SWNT loading are prepared under
identical conditions by melt compounding in a Haake Kneader at 40 rpm for
4 min at 270 °C. Both PET and PET/SWNT samples were made into 0.5 mm
thick, 0.4 mm wide strips and subsequently stretched to a draw ratio of four
to induce PET and SWNT orientation. Wide-angle X-ray diffraction (WAXD)
of both materials shows that PET is oriented in the samples (Figure 2A and C).
The strained PET and PET/SWNT samples were held at fixed length and
heated at 20 °C/min to 300 °C. After melting PET, both samples were
allowed to recrystallized at a cooling rate of 10 °C/min. WAXD of the heat-
treated samples show that polymer retains its orientation in the PET/SWNT
sample but not in the neat PET sample (Figure 2D) [127]. Although
polymer melting occurs in the PET /SWNT sample, SWNT maintains its
orientation due to its rod-like structure and upon recrystallization acts as a
template for reorientation and crystallization of the PET. This is an
important observation and shows that carbon nanotubes can be used as
nucleating agents in polymer processing to promote polymer crystallization
and orientation. This could potentially change the morphology of typical
semi-crystalline polymeric fibers produced from polymers like PET, nylon,
polyethylene, and polypropylene and pave the way to producing high-
performance fibers from these systems.
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Figure 2. Wide-angle X-ray diffraction patterns of (A) drawn PET/SWNT (SWNT
content 1 wt%) nanocomposite film, (B) PET/SWNT 1 wt% nanocomposite film
after melting to 300 °C and subsequently slowly cooled at constant length to room
temperature, (C) drawn neat PET film, (D) drawn neat PET film after melting to
300 °C and subsequently slowly cooled at constant length to room temperature. The
drawing direction was vertical. After melting and re-crystallization, PET film
becomes unoriented as expected (D), while remarkably only at 1 wt% SWNT
concentration, PET/SWNT film retains its high orientation [127]. (E) PP
transcrystalline interfacial layer on CNT fibers [153]. The development of
transcrystallinity provides the evidence of interaction between PP and CNT. Optical
micrographs with cross-polarizers of spherulite formation in (F) PP, (G) PP/SWNT
(0.1 wt% SWNT), (H) PP/SWNT (1 wt% SWNT), and (I) PP/MWNT (1 wt%
MWNT) bulk samples [154].

3. Properties of polymer/CNT fibers

3.1. Thermal shrinkage

The presence of CNT in the polymer matrix restricts the molecular
mobility of the chains which results in lower thermal shrinkage in the
composite containing the carbon nanotube as compared to the neat polymer
(Figure 3a and b). Oriented flexible polymer molecules when heated above
their glass transition temperature become coil like resulting in shrinkage.
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Figure 3. Schematic showing changes in molecular structure during thermal
shrinkage in the (a) neat polymer, and (b) at the polymer-CNT interphase. (c) Thermal
shrinkage in PAN and PAN/CNT fibers [149]. CNT content was 5 wt% in each case.
The presence of 5 wt% SWNT reduced thermal shrinkage from 14 % in PAN
to 7 % in PAN/SWNT at 180 °C. (d) Thermal shrinkage in polypropylene and
polypropylene/CNT fibers [135]. CNT content in polypropylene was 0.1 and 1 wt% as
indicated. Even 0.1 wt% exfoliated carbon nanotubes, reduced polypropylene thermal
shrinkage at 160 °C from over 25 % to below 5 %.

The presence of nanotube restricts this shrinkage. Polymer molecule
wants to shrink, however carbon nanotube at these temperatures (100 to
300 °C) does not go from an oriented state to a coil-like state, and therefore
does not shrink. Interaction between polymer molecules and CNT, restricts
the polymer shrinkage. In amorphous and semi-crystalline polymers, this
behavior can be observed above the polymer glass transition temperature. In
semi-crystalline polymers this behavior can even be observed at polymer
melting temperature. PAN/CNT and PP/CNT composite fibers show
significant reduction in thermal shrinkage with the addition of CNT
compared to the neat fiber (Figure 3c and d). PP/CNT fibers heated at
170 °C (above polypropylene melting temperature) shows that PP/CNT fibers
retain polymer orientation [135], a result of polypropylene interaction with
CNT. In PMMA/carbon nanofiber (CNF) composites thermal shrinkage at
110 °C is reduced from ~35 % in neat PMMA fibers to ~5 % in PMMA/CNF
fiber with 5 wt% CNF loading [136].
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Increased dispersion and interfacial interaction between the polymer
matrix and CNT would lead to even greater improvement in the mechanical
properties, and may also contribute to the improvement in thermal, electrical,
and optical properties of composite materials. Studies of these systems add
to the fundamental understanding of the nucleating capability of CNT,
epitaxial polymer-CNT interaction, and templated crystallization of the
polymer at the CNT-polymer interface, and may ultimately lead to more
efficient production of bulk nanocomposites. The combination of strong
polymer-CNT interaction, nucleation ability of CNT, CNT templating of
polymer orientation and crystallinity are all properties that one can build on
to develop high-performance fibers from commodity polymers.

3.2. Electrical conductivity

Fabrication of electrically conducting polymer/CNT composites is
another potential application of CNTs, whose electrical conductivity is as
high as 10° S/m. Depending on the polymer matrix, conductivities of 1 to
10 S/m can be achieved for 5 wt% MWNT loading [137]. Sandler et al. [138]
dispersed MWNTs in an epoxy matrix to obtain a composite with an
electrical conductivity sufficient for anti-static applications. The percolation
threshold was proven to be below 0.04 wt% MWNT, while the overall
conductivity increased as compared to carbon black. Sandler et al. [139]
carried this study further and obtained an ultra-low electrical percolation
threshold of 0.005 wt% by using aligned MWNTSs grown from an injection
chemical vapor deposition (CVD) process. Kymakis et al. [140] found that
doping of a conducting polymer, such as poly(3-octylthiophene), with
SWNTs to form a composite increases the electrical conductivity by five
orders of magnitude from 0 to 20 wt% nanotube concentration. The
percolation threshold was determined to be 11 wt%.

3.3. Thermal conductivity

Although theory predicts the room temperature thermal conductivity of
greater than 6000 W/m-K for isolated SWNTs [141], and measurements
show higher than 3000 W/m-K and 200 W/m-K for isolated MWNTSs [142]
and aligned bundles of SWNTSs [143], respectively, thermal conductivity has
been one of the least explored areas in the study of polymer/CNT composites.
Hone et al. [143] made epoxy/SWNT composites whose room temperature
thermal conductivity enhanced by 120 % at 1 wt% SWNT loading, as
compared to epoxy filled with vapor grown carbon fiber (VGCF). In
continuation of the same work, Biercuk et al. [144] reported a 70 % increase
in thermal conductivity at 40 K, up to 125 % at room temperature also at
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1 wt% SWNT. It is likely that SWNTSs are superior to VGCFs because their
nano-scale diameter and larger aspect ratio facilitate the formation of
extensive network at the same weight loading. Windle et al. work on
CNT/epoxy composites show that thermal conductivity is unaffected by
increasing CNT loading in samples, and only slight enhancements in thermal
conductivity are observed [145, 146]. CNT composites with high thermal
conductivity have a number of potential applications, particularly in thermal
management, such as heat sinking for electronics and motors.

3.4. Property enhancements due to CNT templated orientation

and crystallization

Using orientation and crystallization ability of CNT recently it was
shown that by adding only 1 wt% SWNT, tensile strength of oriented PVA
film increased from 0.4 GPa to 1.2 GPa (increase of 0.8 GPa) [100], strength
of gel-spun PVA fiber containing 1 wt% SWNT increased from 1.6 GPa to
2.6 GPa (increase of 1.0 GPa) [147], and that for PAN-based carbon fibers
containing 1 wt% carbon nanotubes it increased from 2.0 GPa to 3.2 GPa
(increase of 1.2 GPa) [27]. Analysis of this data shows that effective stress on
the carbon nanotube in these cases at failure was in the range of 88 to
120 GPa. These stress values are higher then the theoretical tensile strength of
carbon nanotubes [148], and thus lends support to the argument that addition
of CNT modifies polymer morphology in terms of higher crystallinity and
orientation of the polymer. This results in mechanical properties beyond what
Is predicted by the rule of mixtures. Direct evidence of increased crystallinity
and orientation due to the presence of nanotubes has been obtained in a
number of systems [26, 105, 108, 149]. In addition, there is also indirect
evidence for the same. The indirect evidence includes, enhanced solvent
resistance [26, 48, 149], higher electron beam radiation resistance for the
polymer containing CNT than the control polymer [26, 51, 108].

Shearing of PVA/SWNT dispersions containing 1 wt% SWNT resulted in
the formation of self-assembled oriented PVA/SWNT fibers or ribbons, while
PVA solution results in the formation of unoriented fibers. Diameter/width and
length of these self assembled fibers was 5 to 45 um and 0.5 to 3 mm,
respectively. Both the PVA and PVA/SWNT fibers are composed of fibrils
ranging from about 100 to 800 nm in diameter. The PVA/SWNT fibrils also
appear to consist of nano-fibrils ranging from 25 to about 100 nm in diameter,
while the PVA fibrils did not show the obvious presence of nano-fibrils. These
PVA/SWNT nano-fibrils can be used as seed crystals.

WAXD and polarizing optical microscopy, both shows that self
assembled PVA fibers are isotropic while self assembled PVA/SWNT fibers
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are oriented, exhibiting SWNT templated orientation. WAXD of the self-
assembled PVA fibers show strong intensity equatorial (101) peak, which is
also the case for solution spun and drawn PV A fibers [150, 151].

Contrary to this, in the self-assembled PVA/SWNT fibers, a medium
intensity (101) reflection is observed as a four-point pattern, a strong
intensity (200) reflection is present on the equator, and the (102) plane is on
the meridian. This evidence suggests SWNT templated PVA crystallization.
HR-TEM of PVA/SWNT nano-fibril sections showed well-resolved PVA
lattice with molecules oriented parallel to the nanotube axis.

PVA fibers exhibited about 48 % crystallinity, while crystallinity in
PVA/SWNT fibers was 84 % as determined by WAXD [34]. It is noted that
crystallinity in gel-spun PVA/SWNT fiber (draw ratio 6), containing 3 wt%
SWNT was only ~ 53 % [116]. It is noteworthy that 84 % crystallinity in this
work is without annealing or drawing. The presence of SWNT, results in
significantly enhanced polymer crystallinity, and that SWNT act as a
template for polymer orientation. Polymer orientation facilitated by the
presence of fully exfoliated SWNT may have implications for polymer
processing.

Mixing MWNT and polypropylene (PP) in the solution results in the
formation of PP/CNT particles which consist of PP-coated CNT [152]. The
average degree of crystallinity in these PP/CNT particles was determined to
be about 80 %. Such a high level of crystallinity is attributed to more
complete PP crystallization in dilute solution and PP-CNT interaction.

Individual CNT promote PP crystallization, as a result thick PP
interfacial layer is formed on the nanotube surface, and this is confirmed by
HR-TEM. Transcrystallization of PP in the presence of CNT fibers has also
been studied [153]. Polypropylene transcrystals were observed on the carbon
nanotube surface (Figure 2E), when polymer melt was isothermally crystallized
in the temperature range of 118 to 132 °C. The observation of polypropylene
transcrystals on CNT is yet another evidence of PP-CNT interaction. In
PP/CNT fiber samples melted and recrystallized spherulite growth is
influenced by the presence of CNT, where the presence of CNT increase the
number of nucleation sites for the polymer and smaller spherulites are
observed (Figure 2F to 1) even a low CNT loading (0.1 wt %) [154].

4. Applications of CNT/polymer composite fibers

4.1. Stronger fibers

The improved mechanical properties of composite fibers enable them
find new application along with the enhanced electrical and thermal
conductivity as discussed in following sections, which was not feasible for
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pure polymeric fibers. For example, the stronger fibers with relatively low
density will lead to the lightweight high-performance composite materials,
providing the enhanced fuel economy. The structure of CNT fibers is similar
to that of high-strength polymeric fibers. Both types of fibers are strong and
stiff along the fiber axis in tension, but relatively weak in axial compression
and transverse to the fiber axis [155]. Such changes as fibrillar structure
in matrix morphology need to be considered when evaluating the
nanocomposite performance with regard to the intrinsic filler properties
[156, 157]. Mechanical properties of composites fibers are summarized in
Table 4 [3, 26-29, 42, 43, 46, 48, 59, 62, 65, 68, 76, 78, 91, 158].

Non-woven fabric from the composite fibers could be used for making
distributed sensors, antennas, capacitors, and even batteries. Commercial
applications such as artificial muscles, structural fibers, and electronic textiles
require development of a continuous spinning process [23]. It is likely that
next-generation carbon fibers used for structural composites will thus likely be
processed not from PAN alone but from its composites with CNTs [22, 27].

4.2. Electrically conductive fibers

Electrically conductive textile composites, representing a family of
newly developed composites, have many potential applications such as:
sensors, static charge dissipation, filters, electro-magnetic interference shield,
and special purpose clothing acting as protection or dust and germ free
purpose [55]. Demand for electrically conductive textiles has increased in
recent years. The fabrication of CNT composite fibers is of special interest
not only for mechanical but electronic textile application. Wang et al. [52]
presented new battery materials that consist of a solid polyaniline
(PAND/CNT composite fibers which exhibited a discharge capacity of
12.1 mAh/g with a CNT content of 0.25 wt%. Mottaghitalab et al. [34] also
demonstrated that PANI/CNT composite fibers containing 2 wt% CNTs had
improved mechanical, electrical and electrochemical properties compared
with the neat PANI fibers. They suggested that these improved properties
resulted in significantly improved electromechanical actuation performance
of the composite fibers when compared with neat PANI fibers. Xue et al. [55]
showed that electrically conductive yarns from CNT and PVA could be
prepared by two different methods, wet spinning and coating process. The
electrical resistance of the CNT/PVA (40 wt% CNT) composite fiber by the
wet-spinning process was about tens of kQ/cm. They also demonstrated that
PVA/CNT-coated yarns had linear resistivity of 250 QQ/cm. The electrical
conductivity of these textiles is very important because the conductive fibers
would be transformed into textile structures by weaving, knitting or other
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manufacturing processes for smart and intelligent textiles. Multifunctional
CNT composite fibers are currently of interest in applications where
actuation and energy-storage functions are highly desirable, such as
electronic textiles.

4.3. Fibers for biological applications such as artificial muscle

or scaffold

The enhancement of mechanical properties along with the improvement
in electrical and electrochemical properties by the inclusion of CNT can be
used to produce low voltage actuators which can exert significant force
and/or movement as compared to neat polymer. Spinks et al. [47] reported a
novel dual mode actuation in the fibers composed of chitosan, PANI, and
SWNT. They demonstrated that the actuation of the fibers during pH
switching in acidic or basic electrolyte solutions with and without applied
electrical potential exhibited a dual mode actuation which is useful in
practice, as it allows independent small scale adjustment of the pH induced
large strains. In another report, Spinks et al. [46] showed that the addition of
small amounts of CNT to PANI fibers produced significant improvements in
their electro-activity that translates to enhanced actuation performance. The
improved strength and stiffness of the composite fibers can be utilized in
various applications where high-force operation is required, such as in strain-
amplification systems or bio-mimetic musculoskeletal systems.

Polyurethane/MWNT composites [72, 73] for the application of shape-
memory materials have outstanding mechanical properties and may find
broad applications such as in smart textiles and apparels, biomedical
materials, high performance sensors, actuators, micro-grippers, etc. Lynam
et al. [4] suggested that combining the conductivity of CNT with
biomolecules such as chitosan or heparin involved in tissue repair should
produce novel platforms, that is, scaffolds, with the properties of expediting
cell growth.

5. Conclusions

This review summarizes studies on a number of polymeric fiber systems
containing carbon nanotubes. Composite fibers have been processed using
solution spinning, melt spinning, as well as electro-spinning. Carbon
nanotube containing polymeric fibers exhibit improved mechanical and
physical properties such as tensile strength, tensile modulus, strain to failure,
torsional modulus, compressive strength, glass transition temperature, solvent
resistance, and reduced shrinkage. In addition, carbon nanotube based fibers
will also have electrical and thermal properties. These fibers will also find
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applications for biomedical scaffolds as well as for various types of sensors
such as gas, strain or stress, and heat, among others. These results point to the
enormous potential for carbon nanotubes/polymer composite fibers.
Understanding the nature of polymer-SWNT interaction will lead to a
more efficient use of CNT in composites as well as better processing
methods, which may in turn contribute to lower cost of these materials, more
widespread use, improvement in properties of composite fibers, as well as the
production of functional polymer/CNT composite fibers tailored for specific
applications. In addition, there is also need in industries like the aerospace or
automotive, where the growing use of composites will lead to faster, more
functional, lighter, stronger, and more fuel efficient means of transportation.

References

1. Hounshell, D.A. and J.K. Smith, Science and Coporate Strategy: DuPont R&D,
1902-1980, New York: Cambridge University Press, (1988).

2. Staudinger, H., H. Johner, and R. Signer, The polymeric formaldehyde, a model
of cellulose. Zeitschrift Fur Physikalische Chemie--Stochiometrie Und
Verwandtschaftslehre. 126(5/6): p. 425-448, (1927).

3. Vigolo, B., A. Penicaud, C. Coulon, C. Sauder, R. Pailler, C. Journet, P. Bernier,
and P. Poulin, Macroscopic fibers and ribbons of oriented carbon nanotubes.
Science. 290(5495): p. 1331-1334, (2000).

4. Lynam, C., S.E. Moulton, and G.G. Wallace, Carbon-nanotube biofibers.
Advanced Materials. 19(9): p. 1244-1248, (2007).

5. Baughman, R.H., A.A. Zakhidov, and W.A. de Heer, Carbon nanotubes - the
route toward applications. Science. 297(5582): p. 787-792, (2002).

6. Dalton, A.B., S. Collins, J. Razal, E. Munoz, V.H. Ebron, B.G. Kim, J.N.
Coleman, J.P. Ferraris, and R.H. Baughman, Continuous carbon nanotube
composite fibers: properties, potential applications, and problems. Journal Of
Materials Chemistry. 14(1): p. 1-3, (2004).

7. Ericson, L.M., H. Fan, H.Q. Peng, V.A. Davis, W. Zhou, J. Sulpizio, Y.H. Wang,
R. Booker, J. Vavro, C. Guthy, A.N.G. Parra-Vasquez, M.J. Kim, S. Ramesh,
R.K. Saini, C. Kittrell, G. Lavin, H. Schmidt, W.W. Adams, W.E. Billups, M.
Pasquali, W.F. Hwang, R.H. Hauge, J.E. Fischer, and R.E. Smalley,
Macroscopic, neat, single-walled carbon nanotube fibers. Science. 305(5689): p.
1447-1450, (2004).

8. Miaudet, P., S. Badaire, M. Maugey, A. Derre, V. Pichot, P. Launois, P. Poulin,
and C. Zakri, Hot-drawing of single and multiwall carbon nanotube fibers for
high toughness and alignment. Nano Letters. 5(11): p. 2212-2215, (2005).

9. Zhang, M., K.R. Atkinson, and R.H. Baughman, Multifunctional carbon
nanotube yarns by downsizing an ancient technology. Science. 306(5700): p.
1358-1361, (2004).

10. Koziol, K., J. Vilatela, A. Moisala, M. Motta, P. Cunniff, M. Sennett, and A.
Windle, High-performance carbon nanotube fiber. Science. 318(5858): p. 1892-
1895, (2007).



Composite fibers 63

11. Motta, M., A. Moisala, I.A. Kinloch, and A.H. Windle, High performance
fibres from 'Dog bone' carbon nanotubes. Advanced Materials. 19(21): p.
3721-3726, (2007).

12. Ci, L., N. Punbusayakul, J.Q. Wei, R. Vajtai, S. Talapatra, and P.M. Ajayan,
Multifunctional macroarchitectures of double-walled carbon nanotube fibers.
Advanced Materials. 19(13): p. 1719-1723, (2007).

13. Kozlov, M.E., R.C. Capps, W.M. Sampson, V.H. Ebron, J.P. Ferraris, and R.H.
Baughman, Spinning solid and hollow polymer-free carbon nanotube fibers.
Advanced Materials. 17(5): p. 614-617, (2005).

14. Zheng, L.X., X.F. Zhang, Q.W. Li, S.B. Chikkannanavar, Y. Li, Y.H. Zhao, X.Z.
Liao, Q.X. Jia, S.K. Doorn, D.E. Peterson, and Y.T. Zhu, Carbon-nanotube
cotton for large-scale fibers. Advanced Materials. 19(18): p. 2567-2570, (2007).

15. Li, Q.W., X.F. Zhang, R.F. DePaula, L.X. Zheng, Y.H. Zhao, L. Stan, T.G.
Holesinger, P.N. Arendt, D.E. Peterson, and Y.T.T. Zhu, Sustained growth of
ultralong carbon nanotube arrays for fiber spinning. Advanced Materials.
18(23): p. 3160-3163, (2006).

16. Zhang, X.F., Q. W. Li, Y. Tu, Y.A. Li, J.Y. Coulter, L.X. Zheng, Y.H. Zhao, Q.X.
Jia, D.E. Peterson, and Y.T. Zhu, Strong carbon-nanotube fibers spun from long
carbon-nanotube arrays. Small. 3(2): p. 244-248, (2007).

17. Li, QW., Y. Li, X.F. Zhang, S.B. Chikkannanavar, Y.H. Zhao, A.M.
Dangelewicz, L.X. Zheng, S.K. Doorn, Q.X. Jia, D.E. Peterson, P.N. Arendt, and
Y.T. Zhu, Structure-dependent electrical properties of carbon nanotube fibers.
Advanced Materials. 19(20): p. 3358-3363, (2007).

18. Zhang, X.F., Q.W. Li, T.G. Holesinger, P.N. Arendt, J.Y. Huang, P.D. Kirven,
T.G. Clapp, R.F. DePaula, X.Z. Liao, Y.H. Zhao, L.X. Zheng, D.E. Peterson, and
Y.T. Zhu, Ultrastrong, stiff, and lightweight carbon-nanotube fibers. Advanced
Materials. 19(23): p. 4198-4201, (2007).

19. Breuer, O. and U. Sundararaj, Big returns from small fibers: A review of polymer/
carbon nanotube composites. Polymer Composites. 25(6): p. 630-645, (2004).

20. Coleman, J.N., U. Khan, W.J. Blau, and Y.K. Gun'ko, Small but strong: A review
of the mechanical properties of carbon nanotube-polymer composites. Carbon.
44(9): p. 1624-1652, (2006).

21. Esawi, A.M.K. and M.M. Farag, Carbon nanotube reinforced composites:
Potential and current challenges. Materials & Design. 28(9): p. 2394-2401,
(2007).

22. Chae, H.G. and S. Kumar, Making strong fibers. Science. 319: p. 908-9009,
(2008).

23. Dalton, A.B., S. Collins, E. Munoz, J.M. Razal, V.H. Ebron, J.P. Ferraris, J.N.
Coleman, B.G. Kim, and R.H. Baughman, Super-tough carbon-nanotube fibres -
These extraordinary composite fibres can be woven into electronic textiles.
Nature. 423(6941): p. 703, (2003).

24. Munoz, E., A.B. Dalton, S. Collins, M. Kozlov, J. Razal, J.N. Coleman, B.G.
Kim, V.H. Ebron, M. Selvidge, J.P. Ferraris, and R.H. Baughman,
Multifunctional carbon nanotube composite fibers. Advanced Engineering
Materials. 6(10): p. 801-804, (2004).



64

Byung Gil Min et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Barisci, J.N., M. Tahhan, G.G. Wallace, S. Badaire, T. Vaugien, M. Maugey, and
P. Poulin, Properties of carbon nanotube fibers spun from DNA-stabilized
dispersions. Advanced Functional Materials. 14(2): p. 133-138, (2004).

Chae, H.G., M.L. Minus, and S. Kumar, Oriented and exfoliated single wall
carbon nanotubes in polyacrylonitrile. Polymer. 47(10): p. 3494-3504, (2006).
Chae, H.G.,, M.L. Minus, A. Rasheed, and S. Kumar, Stabilization and
carbonization of gel spun polyacrylonitrile/single wall carbon nanotube
composite fibers. Polymer. 48(13): p. 3781-3789, (2007).

Chae, H.G., T.V. Sreekumar, T. Uchida, and S. Kumar, A comparison of
reinforcement efficiency of various types of carbon nanotubes in poly
acrylonitrile fiber. Polymer. 46(24): p. 10925-10935, (2005).

Kumar, S., T.D. Dang, F.E. Arnold, A.R. Bhattacharyya, B.G. Min, X.F. Zhang,
R.A. Vaia, C. Park, W.W. Adams, R.H. Hauge, R.E. Smalley, S. Ramesh, and
P.A. Willis, Synthesis, structure, and properties of PBO/SWNT composites.
Macromolecules. 35(24): p. 9039-9043, (2002).

Lu, J., Y.H. Jing, H.H. Zhang, H.L. Shao, and X.C. Hu, Preparation and
properties of Lyocell/multi-walled carbon nanotube composite fibers. Carbon.
45(11): p. 2324, (2007).

Min, B.G., T.V. Sreekumar, T. Uchida, and S. Kumar, Oxidative stabilization of
PAN/SWNT composite fiber. Carbon. 43(3): p. 599-604, (2005).

Minus, M.L., H.G. Chae, and S. Kumar, Single wall carbon nanotube templated
oriented crystallization of poly(vinyl alcohol). Polymer. 47(11): p. 3705-3710,
(2006).

Mottaghitalab, V., G.M. Spinks, and G.G. Wallace, The development and
characterisation of polyaniline-single walled carbon nanotube composite fibres
using 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPSA) through one step
wet spinning process. Polymer. 47(14): p. 4996-5002, (2006).

Mottaghitalab, V., B.B. Xi, G.M. Spinks, and G.G. Wallace, Polyaniline fibres
containing single walled carbon nanotubes: Enhanced performance artificial
muscles. Synthetic Metals. 156(11-13): p. 796-803, (2006).

Munoz, E., D.S. Suh, S. Collins, M. Selvidge, A.B. Dalton, B.G. Kim, J.M.
Razal, G. Ussery, A.G. Rinzler, M.T. Martinez, and R.H. Baughman, Highly
conducting carbon nanotube/polyethyleneimine composite fibers. Advanced
Materials. 17(8): p. 1064-1067, (2005).

Neri, W., M. Maugey, P. Miaudet, A. Derre, C. Zakri, and P. Poulin, Surfactant-
free spinning of composite carbon nanotube fibers. Macromolecular Rapid
Communications. 27(13): p. 1035-1038, (2006).

Penicaud, A., L. Valat, A. Derre, P. Poulin, C. Zakri, O. Roubeau, M. Maugey, P.
Miaudet, E. Anglaret, P. Petit, A. Loiseau, and S. Enouz, Mild dissolution of
carbon nanotubes: Composite carbon nanotube fibres from polyelectrolyte
solutions. Composites Science and Technology. 67(5): p. 795-797, (2007).

Polizu, S., M. Maugey, S. Poulin, P. Poulin, and L. Yahia, Nanoscale surface of
carbon nanotube fibers for medical applications: Structure and chemistry
revealed by TOF-SIMS analysis. Applied Surface Science. 252(19): p. 6750-
6753, (2006).



Composite fibers 65

39. Poulin, P., B. Vigolo, and P. Launois, Films and fibers of oriented single wall
nanotubes. Carbon. 40(10): p. 1741-1749, (2002).

40. Razal, J.M., J.N. Coleman, E. Munoz, B. Lund, Y. Gogotsi, H. Ye, S. Collins,
A.B. Dalton, and R.H. Baughman, Arbitrarily shaped fiber assemblies from
spun carbon nanotube gel fibers. Advanced Functional Materials. 17(15): p.
2918-2924, (2007).

41. Razal, J.M., KJ. Gilmore, and G.G. Wallace, Carbon nanotube biofiber
formation in a polymer-free coagulation bath. Advanced Functional Materials.
18(1): p. 61-66, (2008).

42. Ruan, S.L., P. Gao, X.G. Yang, and T.X. Yu, Toughening high performance
ultrahigh molecular weight polyethylene using multiwalled carbon nanotubes.
Polymer. 44(19): p. 5643-5654, (2003).

43. Ruan, S.L.,, P. Gao, and T.X. Yu, Ultra-strong gel-spun UHMWPE fibers
reinforced using multiwalled carbon nanotubes. Polymer. 47(5): p. 1604-1611,
(2006).

44. Sahoo, N.G., Y.C. Jung, H.J. Yoo, and J.W. Cho, Influence of carbon nanotubes
and polypyrrole on the thermal, mechanical and electroactive shape-memory
properties of polyurethane nanocomposites. Composites Science and
Technology. 67(9): p. 1920-1929, (2007).

45. Shin, S.R., C.K. Leg, I. So, J.H. Jeon, T.M. Kang, C. Kee, S.I. Kim, G.M. Spinks,
G.G. Wallace, and S.J. Kim, DNA-wrapped single-walled carbon nanotube
hybrid fibers for supercapacitors and artificial muscles. Advanced Materials.
20(3): p. 466-470, (2008).

46. Spinks, G.M., V. Mottaghitalab, M. Bahrami-Saniani, P.G. Whitten, and G.G.
Wallace, Carbon-nanotube-reinforced polyaniline fibers for high-strength
artificial muscles. Advanced Materials. 18(5): p. 637-640, (2006).

47. Spinks, G.M., S.R. Shin, G.G. Wallace, P.G. Whitten, 1.Y. Kim, S.I. Kim, and
SJ. Kim, A novel "dual mode" actuation in chitosan/polyaniline/carbon
nanotube fibers. Sensors and Actuators B: Chemical. 121(2): p. 616-621, (2007).

48. Sreekumar, T.V., T. Liu, B.G. Min, H. Guo, S. Kumar, R.H. Hauge, and R.E.
Smalley, Polyacrylonitrile single-walled carbon nanotube composite fibers.
Advanced Materials. 16(1): p. 58-61, (2004).

49. Steinmetz, J., M. Glerup, M. Paillet, P. Bernier, and M. Holzinger, Production of
pure nanotube fibers using a modified wet-spinning method. Carbon. 43(11): p.
2397-2400, (2005).

50. Su, J.X., Q. Wang, R. Su, K. Wang, Q. Zhang, and Q. Fu, Enhanced
compatibilization and orientation of polyvinyl Alcohol/Gelatin composite
fibers using carbon nanotubes. Journal of Applied Polymer Science. 107(6): p.
4070-4075, (2008).

51. Uchida, T. and S. Kumar, Single wall carbon nanotube dispersion and exfoliation
in polymers. Journal of Applied Polymer Science. 98(3): p. 985-989, (2005).

52. Wang, C.Y., V. Mottaghitalab, C.O. Too, G.M. Spinks, and G.G. Wallace,
Polyaniline and polyaniline-carbon nanotube composite fibres as battery
materials in ionic liquid electrolyte. Journal of Power Sources. 163(2): p. 1105-
1109, (2007).



66

Byung Gil Min et al.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Wang, W.J., N.S. Murthy, H.G. Chae, and S. Kumar, Structural changes during
deformation in carbon nanotube-reinforced polyacrylonitrile fibers. Polymer.
49(8): p. 2133-2145, (2008).

Wang, Y.P., R.L. Cheng, L.L. Liang, and Y.M. Wang, Study on the preparation
and characterization of ultra-high molecular weight polyethylene-carbon
nanotubes composite fiber. Composites Science and Technology. 65(5): p.
793-797, (2005).

Xue, P., K.H. Park, X.M. Tao, W. Chen, and X.Y. Cheng, Electrically conductive
yarns based on PVA/carbon nanotubes. Composite Structures. 78(2): p. 271-277,
(2007).

Zhang, H., Z.G. Wang, Z.N. Zhang, J. Wu, J. Zhang, and H.S. He, Regenerated-
cellulose/multiwalled-carbon-nanotube  composite  fibers with  enhanced
mechanical properties prepared with the ionic liquid 1-allyl-3-
methylimidazolium chloride. Advanced Materials. 19(5): p. 698-704, (2007).
Zhang, X.F., T. Liu, T.V. Sreekumar, S. Kumar, X.D. Hu, and K. Smith, Gel
spinning of PVA/SWNT composite fiber. Polymer. 45(26): p. 8801-8807, (2004).
Andrews, R., D. Jacques, M. Minot, and T. Rantell, Fabrication of carbon
multiwall nanotube/polymer composites by shear mixing. Macromolecular
Materials and Engineering. 287(6): p. 395-403, (2002).

Andrews, R., D. Jacques, A.M. Rao, T. Rantell, F. Derbyshire, Y. Chen, J. Chen,
and R.C. Haddon, Nanotube composite carbon fibers. Applied Physics Letters.
75(9): p. 1329-1331, (1999).

Bhattacharyya, A.R., T.V. Sreekumar, T. Liu, S. Kumar, L.M. Ericson, R.H. Hauge,
and R.E. Smalley, Crystallization and orientation studies in polypropylene/single wall
carbon nanotube composite. Polymer. 44(8): p. 2373-2377, (2003).

Chang, T.E., L.R. Jensen, A. Kisliuk, R.B. Pipes, R. Pyrz, and A.P. Sokolov,
Microscopic  mechanism  of  reinforcement in  single-wall  carbon
nanotube/polypropylene nanocomposite. Polymer. 46(2): p. 439-444, (2005).
Chen, W., X.M. Tao, and Y.Y. Liu, Carbon nanotube-reinforced polyurethane
composite fibers. Composites Science and Technology. 66(15): p. 3029-3034, (2006).
Cho, T., Y.S. Lee, R. Rao, A.M. Rao, D.D. Edie, and A.A. Ogale, Structure of
carbon fiber obtained from nanotube-reinforced mesophase pitch. Carbon. 41(7):
p. 1419-1424, (2003).

Fischer, D., P. Potschke, H. Brunig, and A. Janke, Investigation of the orientation
in composite fibers of polycarbonate with multiwalled carbon nanotubes by
Raman microscopy. Macromolecular Symposia. 230: p. 167-172, (2005).

Fornes, T.D., J.W. Baur, Y. Sabba, and E.L. Thomas, Morphology and properties
of melt-spun polycarbonate fibers containing single- and multi-wall carbon
nanotubes. Polymer. 47(5): p. 1704-1714, (2006).

Haggenmueller, R., H.H. Gommans, A.G. Rinzler, J.E. Fischer, and K.l. Winey,
Aligned single-wall carbon nanotubes in composites by melt processing methods.
Chemical Physics Letters. 330(3-4): p. 219-225, (2000).

Jose, M.V., D. Dean, J. Tyner, G. Price, and E. Nyairo, Polypropylene/carbon
nanotube nanocomposite fibers: Process-morphology-property relationships.
Journal of Applied Polymer Science. 103(6): p. 3844-3850, (2007).



Composite fibers 67

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Kearns, J.C. and R.L. Shambaugh, Polypropylene fibers reinforced with carbon
nanotubes. Journal of Applied Polymer Science. 86(8): p. 2079-2084, (2002).
Lafuente, E., M. Pinol, L. Oriol, E. Munoz, A.M. Benito, W.K. Maser, A.B.
Dalton, J.L. Serrano, and M.T. Martinez, Polyazomethine/carbon nanotube
composites. Materials Science & Engineering C-Biomimetic and Supramolecular
Systems. 26(5-7): p. 1198-1201, (2006).

Li, C.S., T.X. Liang, W.Z. Lu, C.H. Tang, X.Q. Hu, M.S. Cao, and J. Liang,
Improving the antistatic ability of polypropylene fibers by inner antistatic agent
filled with carbon nanotubes. Composites Science and Technology. 64(13-14): p.
2089-2096, (2004).

Li, ZF., G.H. Luo, F. Wei, and Y. Huang, Microstructure of carbon
nanotubes/PET conductive composites fibers and their properties. Composites
Science and Technology. 66(7-8): p. 1022-1029, (2006).

Meng, Q.H. and J.F. Hu, Self-organizing alignment of carbon nanotube in shape
memory segmented fiber prepared by in situ polymerization and melt spinning.
Composites Part a-Applied Science and Manufacturing. 39(2): p. 314-321,
(2008).

Meng, Q.H., J.L. Hu, and Y. Zhu, Shape-memory Polyurethane/Multiwalled
carbon nanotube fibers. Journal of Applied Polymer Science. 106(2): p. 837-848,
(2007).

Moore, E.M., D.L. Ortiz, V.T. Marla, R.L. Shambaugh, and B.P. Grady,
Enhancing the strength of polypropylene fibers with carbon nanotubes. Journal
of Applied Polymer Science. 93(6): p. 2926-2933, (2004).

Potschke, P., H. Brunig, A. Janke, D. Fischer, and D. Jehnichen, Orientation of
multiwalled carbon nanotubes in composites with polycarbonate by melt
spinning. Polymer. 46(23): p. 10355-10363, (2005).

Sandler, J.K.W., S. Pegel, M. Cadek, F. Gojny, M. van Es, J. Lohmar, W.J. Blau,
K. Schulte, A.H. Windle, and M.S.P. Shaffer, A comparative study of melt spun
polyamide-12 fibres reinforced with carbon nanotubes and nanofibres. Polymer.
45(6): p. 2001-2015, (2004).

Shen, L.M., X.S. Gao, Y. Tong, A. Yeh, R.X. Li, and D.C. Wu, Influence of
different functionalized multiwall carbon nanotubes on the mechanical properties
of poly(ethylene terephthalate) fibers. Journal of Applied Polymer Science.
108(5): p. 2865-2871, (2008).

Siochi, E.J., D.C. Working, C. Park, P.T. Lillehei, J.H. Rouse, C.C. Topping,
A.R. Bhattacharyya, and S. Kumar, Melt processing of SWCNT-polyimide
nanocomposite fibers. Composites Part B-Engineering. 35(5): p. 439-446, (2004).
Vaisman, L., B. Larin, I. Davidi, E. Wachtel, G. Marom, and H.D. Wagpner,
Processing and characterization of extruded drawn MWNT-PAN composite
filaments. Composites Part a-Applied Science and Manufacturing. 38(5): p.
1354-1362, (2007).

Ko, F., Y. Gogotsi, A. Ali, N. Naguib, H.H. Ye, G.L. Yang, C. Li, and P. Willis,
Electrospinning of continuons carbon nanotube-filled nanofiber yarns. Advanced
Materials. 15(14): p. 1161-1165, (2003).



68

Byung Gil Min et al.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Sen, R., B. Zhao, D. Perea, M.E. Itkis, H. Hu, J. Love, E. Bekyarova, and R.C.
Haddon, Preparation of single-walled carbon nanotube reinforced polystyrene
and polyurethane nanofibers and membranes by electrospinning. Nano Letters.
4(3): p. 459-464, (2004).

Kim, G.M., G.H. Michler, and P. Potschke, Deformation processes of ultrahigh
porous multiwalled carbon nanotubes/polycarbonate composite fibers prepared
by electrospinning. Polymer. 46(18): p. 7346-7351, (2005).

McCullen, S.D., K.L. Stano, D.R. Stevens, W.A. Roberts, N.A. Monteiro-
Riviere, L.I. Clarke, and R.E. Gorga, Development, optimization, and
characterization of electrospun poly(lactic acid) nanofibers containing multi-
walled carbon nanotubes. Journal of Applied Polymer Science. 105(3): p. 1668-
1678, (2007).

Meng, J., H. Kong, Z.Z. Han, C.Y. Wang, G.J. Zhu, S.S. Xie, and H.Y. Xu,
Enhancement of nanofibrous scaffold of multiwalled carbon nanotubes/
polyurethane composite to the fibroblasts growth and biowynthesis. Journal of
biomedical materials research Part A. In press, (2008).

Agic, A., Multiscale mechanical phenomena in electrospun carbon nanotube
composites. Journal of Applied Polymer Science. 108(2): p. 1191-1200, (2008).
Bazbouz, M.B. and G.K. Stylios, Novel mechanism for spinning continuous
twisted composite nanofiber yarns. European polymer journal. 44(1): p. 1-12,
(2008).

Chakrabarti, K., P.M.G. Nambissan, C.D. Mukherjee, K.K. Bardhan, C. Kim, and
K.S. Yang, Positron annihilation spectroscopy of polyacrylonitrile-based carbon
fibers embedded with multi-wall carbon nanotubes. Carbon. 44(5): p. 948-953,
(2006).

Chakrabarti, K., P.M.G. Nambissan, C.D. Mukherjee, K.K. Bardhan, C. Kim, and
K.S. Yang, Positron annihilation spectroscopic studies of the influence of heat
treatment on defect evolution in hybrid MWCNT-polyacrylonitrile-based carbon
fibers. Carbon. 45(14): p. 2777-2782, (2007).

Dersch, R., M. Steinhart, U. Boudriot, A. Greiner, and J.H. Wendorff,
Nanoprocessing of polymers: applications in medicine, sensors, catalysis,
photonics. Polymers for Advanced Technologies. 16(2-3): p. 276-282, (2005).
Han, G.Y. and G.Q. Shi, Novel route to pure and composite fibers of polypyrrole.
Journal of Applied Polymer Science. 103(3): p. 1490-1494, (2007).

Jeong, J.S., J.S. Moon, S.Y. Jeon, J.H. Park, P.S. Alegaonkar, and J.B. Yoo,
Mechanical properties of electrospun PVA/MWNTs composite nanofibers. Thin
Solid Films. 515(12): p. 5136-5141, (2007).

Jose, M.V., B.W. Steinert, V. Thomas, D.R. Dean, M.A. Abdalla, G. Price, and
G.M. Janowski, Morphology and mechanical properties of Nylon 6/MWNT
nanofibers. Polymer. 48(4): p. 1096-1104, (2007).

Liu, J., T. Wang, T. Uchida, and S. Kumar, Carbon nanotube core-polymer shell
nanofibers. Journal of Applied Polymer Science. 96(5): p. 1992-1995, (2005).
Macossay, J., J.H. Leal, A. Kuang, and R.E. Jones, Electrospun fibers from
poly(methyl methacrylate)/vapor grown carbon nanofibers. Polymers for
Advanced Technologies. 17(5): p. 391-394, (2006).



Composite fibers 69

95. Mathew, G., J.P. Hong, J.M. Rhee, H.S. Lee, and C. Nah, Preparation and
characterization of properties of electrospun poly(butylene terephthalate)
nanofibers filled with carbon nanotubes. Polymer Testing. 24(6): p. 712-717,
(2005).

96. Seoul, C., Y.T. Kim, and C.K. Baek, Electrospinning of poly(vinylidene
fluoride)/dimethylformamide solutions with carbon nanotubes. Journal of
Polymer Science Part B-Polymer Physics. 41(13): p. 1572-1577, (2003).

97. Vaisman, L., E. Wachtel, H.D. Wagner, and G. Marom, Polymer-nanoinclusion
interactions in carbon nanotube based polyacrylonitrile extruded and
electrospun fibers. Polymer. 48(23): p. 6843-6854, (2007).

98. Wan, Y.Q., J.H. He, and J.Y. Yu, Carbon nanotube-reinforced polyacrylonitrile
nanofibers by vibration-electrospinning. Polymer International. 56(11): p. 1367-
1370, (2007).

99. Shaffer, M.S. and A.H. Windle, Fabrication and Characterization of Carbon
Nanotube/Poly(vinyl alcohol) Composites. Advanced Materials. 11(11): p. 937-
941, (1999).

100.Wang, Z., P. Ciselli, and T. Peijs, The extraordinary reinforcing efficiency of
single-walled carbon nanotubes in oriented poly(vinyl alcohol) tapes.
Nanotechnology. 18(45), (2007).

101.Zhang, X., T. Liu, T.V. Sreekumar, S. Kumar, V.C. Moore, R.H. Hauge, and
R.E. Smalley, Poly(vinyl alcohol)/SWNT Composite Film. Nano Letters. 3(9): p.
1285-1288, (2003).

102.Qian, D., E.C. Dickey, R. Andrews, and T. Rantell, Load transfer and
deformation mechanisms in carbon nanotube-polystyrene composites. Applied
Physics Letters. 76(20): p. 2868-2870, (2000).

103.Liu, T.X,, L.Y. Phang, L. Shen, S.Y. Chow, and W.D. Zhang, Morphology and
mechanical properties of multiwalled carbon nanotubes reinforced nylon-6
composites. Macromolecules. 37(19): p. 7214-7222, (2004).

104.Bhattacharyya, A.R., T.V. Sreekumar, T. Liu, S. Kumar, L.M. Ericson, R.H.
Hauge, and R.E. Smalley, Crystallization and Orientation Studies in
Polypropylene/Single Wall Carbon Nanotube Composite. Polymer. 44: p. 2373-
2377, (2003).

105.Haggenmueller, R., J.E. Fischer, and K.Il. Winey, Single Wall Carbon
Nanotube/Polyethylene  Nanocomposites: ~ Nucleating and  Templating
Polyethylene Crystallites. Macromolecules. 39(8): p. 2964-2971, (2006).

106.Kim, J.Y., H.S. Park, and S.H. Kim, Unique Nulceation of Multi-Walled Carbon
Nanotube and poly(ethylene 2,6-naphthalate) Nanocomposites During Non-
Isothermal Crystallization. Polymer. 47: p. 1379-1389, (2006).

107. Leelapornpisit, W., M.-T. Ton-That, F. Perrin-Sarazin, K.C. Cole, J. Denault, and
B. Simard, Effect of Carbon Nanotubes on the Crystallization and Properties of
Polypropylene. Journal of Polymer Science: Part B: Polymer Physics. 43: p.
2445-2453, (2005).

108.Minus, M.L., H.G. Chae, and S. Kumar, Single Wall Carbon Nanotube
Templated Oriented Crystallization of Poly(vinly alcohol). Polymer. 47(11): p.
3705-3710, (2006).



70 Byung Gil Min et al.

109.Li, L.Y., C.Y. Li, C.Y. Ni, L.X. Rong, and B. Hsiao, Structure and crystallization
behavior of Nylon 66/multi-walled carbon nanotube nanocomposites at low
carbon nanotube contents. Polymer. 48(12): p. 3452-3460, (2007).

110. Chatterjee, T., C.A. Mitchell, V.G. Hadjiev, and R. Krishnamoorti, Hierarchical
polymer-nanotube composites. Advanced Materials. 19(22): p. 3850-+, (2007).

111.Li, C.Y., L. Li, W. Cai, S.L. Kodjie, and K.K. Tenneti, Nanohybrid Shish-
Kebabs: Periodically Functionalized Carbon Nanotubes. Advanced Materials.
17: p. 1198-1202, (2005).

112.Li, L.Y., Y. Yang, G.L. Yang, X.M. Chen, B.S. Hsiao, B. Chu, J.E. Spanier, and
C.Y. Li, Patterning polyethylene oligomers on carbon nanotubes using physical
vapor deposition. Nano Letters. 6(5): p. 1007-1012, (2006).

113. Mitchell, C.A. and R. Krishnamoorti, Non-isothermal crystallization of in situ
polymerized poly(epsilon-caprolactone) functionalized-SWNT nanocomposites.
Polymer. 46(20): p. 8796-8804, (2005).

114.Ryan, K.P., S.M. Lipson, A. Drury, M. Cadek, M. Ruether, S.M. O'Flaherty, V.
Barron, B. McCarthy, H.J. Byrne, W.J. Blau, and J.N. Coleman, Carbon-
Nanotube Nucleated Crystallinity in a Conjugated Polymer Based Composite.
Chemical Physics Letters. 391: p. 329-333, (2004).

115. Yudin, V.E., V.M. Svetlichnyi, A.N. Shumakov, D.G. Letenko, A.Y. Feldman,
and G. Marom, The nucleating effect of carbon nanotubes on crystallinity in
R-BAPB-type thermoplastic polyimide. Macromolecular Rapid Communications.
26(11): p. 885-888, (2005).

116.Zhang, X., T. Liu, T.V. Sreekumar, S. Kumar, X. Hu, and K. Smith, Gel Spinning
of PVA/SWNT Composite Fiber. Polymer. 45: p. 8801-8807, (2004).

117.Hsu, W.K., W.Z. Li, Y.Q. Zhu, N. Grobert, M. Terrones, H. Terrones, N. Yao,
J.P. Zhang, S. Firth, R.J.H. Clark, A.K. Cheetham, J.P. Hare, H.W. Kroto, and
D.R.M. Walton, KCI crystallization within the space between carbon nanotube
walls. Chemical Physics Letters. 317(1-2): p. 77-82, (2000).

118. Minus, M.L. and S. Kumar, Shear induced poly(vinyl alcohol)/single wall carbon
nanotube composite fiber formation in solution. Abstracts of Papers of the
American Chemical Society. 229: p. U1116-U1116, (2005).

119.Minus, M.L. and S. Kumar, Single wall carbon nanotube templated
crystallization and orientation of poly(vinyl alcohol). Abstracts of Papers of the
American Chemical Society. 231, (2006).

120. Kumar, S., H. Doshi, M. Srinivasarao, J.O. Park, and D.A. Schiraldi, Fibers from
Polypropylene/Nano Carbon Fiber Composites. Polymer. 43: p. 1701-1703,
(2002).

121.Tzavalas, S., V. Drakonakis, D.E. Mouzakis, D. Fischer, and V.G. Gregoriou,
Effect of carboxy-functionalized multiwall nanotubes (MWNT-COOH) on the
crystallization and chain conformations of poly(ethylene terephthalate) PET in
PET-MWNT nanocomposites. Macromolecules. 39(26): p. 9150-9156, (2006).

122.Ryan, K.P., M. Cadek, V. Nicolosi, S. Walker, M. Ruether, A. Fonseca, J.B.
Nagy, W.J. Blau, and J.N. Coleman, Multiwalled Carbon Nanotube Nucleated
Crystallization and Reinforcement in Poly(vinyl alcohol) Composites. Synthetic
Metals. 156: p. 332-335, (2006).



Composite fibers 71

123.Coleman, J.N., M. Cadek, R. Blake, V. Nicolosi, K.P. Ryan, C. Belton, A.
Fonseca, J.B. Nagy, Y.K. Gun'ko, and W.J. Blau, High-performance nanotube-
reinforced plastics: Understanding the mechanism of strength increase.
Advanced Functional Materials. 14(8): p. 791-798, (2004).

124, Cadek, M., J.N. Coleman, V. Barron, K. Hedicke, and W.J. Blau, Morphological
and mechanical properties of carbon-nanotube-reinforced semicrystalline and
amorphous polymer composites. Applied Physics Letters. 81(27): p. 5123-
5125, (2002).

125.Wu, T.M. and E.C. Chen, Crystallization behavior of poly(epsilon-caprolactone)/
multiwalled carbon nanotube composites. Journal of Polymer Science Part B-
Polymer Physics. 44(3): p. 598-606, (2006).

126.Ryan, K.P., S.M. Lipson, A. Drury, M. Cadek, M. Ruether, S.M. O'Flaherty, V.
Barron, B. McCarthy, H.J. Byrne, W.J. Blau, and J.N. Coleman, Carbon-
nanotube nucleated crystallinity in a conjugated polymer based composite.
Chemical Physics Letters. 391(4-6): p. 329-333, (2004).

127. Anoop-Anand, K., K. Agarwal, and R. Joseph, Carbon Nanotubes Induced
Crystallization of Poly(ethylene terephthalate). Polymer. 47: p. 3976-3981, (2006).

128.Zhang, Q., D.R. Lippits, and S. Rasogi, Dispersion and Rheological Aspects od
SWNTs in Ultrahigh Molecular Weight Polyethylene. Macromolecules. 39(2): p.
658-666, (2006).

129. Garcia-Gutierrez, M.C., A. Nogales, D.R. Rueda, C. Domingo, J.V. Garcia-Ramos,
G. Broza, Z. Roslaniec, K. Schulte, R.J. Davies, and T.A. Ezquerra, Templating of
crystallization and shear-induced self-assembly of single-wall carbon nanotubes in
a polymer-nanocomposite. Polymer. 47(1): p. 341-345, (2006).

130. Garcia-Gutierrez, M.C., A. Nogales, D.R. Rueda, C. Domingo, J.V. Garcia-Ramos,
G. Broza, Z. Roslaniec, K. Schulte, and T.A. Ezquerra, X-ray microdiffraction and
micro-Raman study on an injection moulding SWCNT-polymer nanocomposite.
Composites Science and Technology. 67(5): p. 798-805, (2007).

131. Zhou, W., P.A. Heiney, H. Fan, R.E. Smalley, and J.E. Fischer, Single-Walled Carbon
Nanotube-Templated Crystallization of H,SO,: Direct Evidence of Protonation.
Journal of the American Chemical Society. 127(6): p. 1640-1641, (2005).

132.Balavoine, F., P. Schultz, C. Richard, V. Mallouh, T.W. Ebbesen, and C.
Mioskowski, Helical Crystallization of Protiens on Carbon Nanotubes: A First
Step Towards the Development of New Biosensors. Andewandte Chemie
International Edition. 38(13/14): p. 1912-1915, (1999).

133. Anand, K.A., U.S. Agarwal, and R. Joseph, Carbon nanotubes induced crystallization
of poly(ethylene terephthalate). Polymer. 47(11): p. 3976-3980, (2006).

134.Li, L.Y., B. Li, G.L. Yang, and C.Y. Li, Polymer decoration on carbon nanotubes
via physical vapor deposition. Langmuir. 23(16): p. 8522-8525, (2007).

135.Lee, G.W., S. Jagannathan, H.G. Chae, M.L. Minus, and S. Kumar, Carbon
Nanotube Dispersion and Exfoliation in Polypropylene and Structure and
Properties of the Resulting Composites. To Be Published.

136.Zeng, J.J., B. Saltysiak, W.S. Johnson, D.A. Schiraldi, and S. Kumar, Processing
and properties of poly(methyl methacrylate)/carbon nanofiber composites.
Composites Part B-Engineering. 35(3): p. 245-249, (2004).



72 Byung Gil Min et al.

137.Baughman, R.H., A.A. Zakhidov, and W.A.d. Heer, Carbon Nanotubes — the
Route toward Applications. Science. 297: p. 787-792, (2002).

138. Sandler, J., M.S.P. Shaffer, T. Prasse, W. Bauhofer, K. Schulte, and A.H. Windle,
Development of a Dispersion Process for Carbon Nanotubes in an Epoxy Matrix
and the Resulting Electrical Properties. Polymer. 40: p. 5967-5971, (1999).

139. Sandler, J.K.W., J.E. Kirk, I.A. Kinlock, M.S.P. Shaffer, and A.H. Windle, Ultra-
Low Electrical Percolation Threshold in Carbon-Nanotube-Epoxy Composites.
Polymer. 44: p. 5893-5899, (2003).

140.Kymakis, E., I. Alexandou, and G.A.J. Amaratunga, Single-Walled Carbon
Nanotube-Polymer Composites: Electrical, Optical, and Structural Investigation.
Synthetic Metals. 127: p. 59-62, (2002).

141. Berber, S., Y.-K. Kwon, and D. Tomanek, Unusually High Thermal Conductivity
of Carbon Nanotubes. Physical Review Letters. 84(20): p. 4613-4616, (2000).
142.Kim, P., L. Shi, A. Majumdar, and P.L. McEuen, Thermal Transport
Measurements of Individual Multiwalled Nanotubes. Physical Review Letters.

87(21): p. 2155021-2155024, (2001).

143. Hone, J., M.C. Llaguno, M.J. Biercuk, A.T. Johnson, B. Batlogg, Z. Benes, and J.E.
Fischer, Thermal Properties of Carbon Nanotubes and Nonotube-Based Materials.
Applied Physics A: Materials Science and Processing. 74: p. 339-343, (2002).

144.Biercuk, M.J., M.C. Llaguno, M. Radosavljevic, J.K. Hyun, A.T. Johnson, and
J.E. Fischer, Carbon Nanotube Composites for Thermal Management. Applied
Physics Letters. 80(15): p. 2767-2769, (2002).

145.Gojny, F.H., M.H.G. Wichmann, B. Fiedler, I.A. Kinloch, W. Bauhofer, A.H.
Windle, and K. Schulte, Evaluation and identification of electrical and thermal
conduction mechanisms in carbon nanotube/epoxy composites. Polymer. 47(6):
p. 2036-2045, (2006).

146.Moisala, A., Q. Li, I.LA. Kinloch, and A.H. Windle, Thermal and electrical
conductivity of single- and multi-walled carbon nanotube-epoxy composites.
Composites Science and Technology. 66: p. 1285-1288, (2006).

147.Minus, M.L. and S. Kumar, Interfacial crystallization in gel-spun poly(vinyl
alcohol)/single-wall carbon nanotube composite fibers. Manuscript in Preparation.

148.Chae, H.G. and S. Kumar, Making Strong Fibers. Science. 319: p. 908, (2008).

149.Chae, H.G., T.V. Sreekumar, T. Uchida, and S. Kumar, A Comparison of
Reinforcement Efficiency of various Types of Carbon Nanotube in
Polyacrylonitrile Fiber. Polymer. 46: p. 10925-10935, (2005).

150. Assender, H.E. and A.H. Windle, Crystallinity in Poly(vinyl alcohol). A. An X-
ray Diffraction Study of Atatic PVOH. Polymer. 39(18): p. 4295-4305, (1998).
151.Cha, W.I., S.H. Hyon, and Y. lkada, Gel Spinning of Poly(vinyl alcohol) from
Dimethyl Sulfoxide/Water Mixture. Journal of Polymer Science Part B-Polymer

Physics. 32(2): p. 297-304, (1994).

152.Zhang, S. and S. Kumar, Shaping Polymer Particles by Carbon Nanotubes.
Macromolecular Rapid Communications. In Press, (2008).

153.Zhang, S., M.L. Minus, L. Zhu, C.P. Wong, and S. Kumar, Polymer
Transcrystallinity Induced by Carbon Nanotubes. Polymer. In Press, (2008).



Composite fibers 73

154.Lee, G.W., S. Jagannathan, H.G. Chae, M.L. Minus, and S. Kumar, Carbon
Nanotube Dispersion and Exfoliation in Polypropylene and Structure and
Properties of the Resulting Composites. Polymer. 49: p. 1831-1840, (2008).

155.Kozey, V.V., H. Jiang, V.R. Mehta, and S. Kumar, COMPRESSIVE BEHAVIOR
OF MATERIALS .2. HIGH-PERFORMANCE FIBERS. Journal of Materials
Research. 10(4): p. 1044-1061, (1995).

156. Sandler, J., P. Werner, M.S.P. Shaffer, V. Demchuk, V. Altstadt, and A.H. Windle,
Carbon-nanofibre-reinforced poly(ether ether ketone) composites. Composites Part
a-Applied Science and Manufacturing. 33(8): p. 1033-1039, (2002).

157.Sandler, J., A.H. Windle, P. Werner, V. Altstadt, M.V. Es, and M.S.P. Shaffer,
Carbon-nanofibre-reinforced poly(ether ether ketone) fibres. Journal of Materials
Science. 38(10): p. 2135-2141, (2003).

158. Vigolo, B., P. Poulin, M. Lucas, P. Launois, and P. Bernier, Improved structure
and properties of single-wall carbon nanotube spun fibers. Applied Physics
Letters. 81(7): p. 1210-1212, (2002).



