Transworld Research Network
37/661 (2), Fort P.O., Trivandrum-695 023, Kerala, India

TRANSWORLD

Functional Composites of Carbon Nanotubes and Applications, 2009: 43-73
ISBN: 978-81-7895-413-4 Editors: Kwang-Pill Lee, Anantha lyengar Gopalan
and Fernand D.S. Marquis

Polymer/carbon nanotube
composite fibers - An overview

Byung Gil Min', Han Gi Chae?, Marilyn L. Minus? and Satish Kumar?
'School of Advanced Materials and System Engineering, Kumoh National
Institute of Technology, Gumi, Republic of Korea; *School of Polymer, Textile
and Fiber Engineering, Georgia Institute of Technology, Atlanta, GA, USA

Abstract

Carbon nanotubes have exceptional mechanical,
electrical, and thermal properties, which are
strongly anisotropic. In order to fully utilize these
properties, numerous daon nanotube/polymer
composite fibers havebeen produced and
investigated. In this reew, 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. Solutionspinning technologies
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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 nanotdmmtent is 60 wt% or higher. In
most cases, the addition of carboanotube results in increased tensile and
compressive properties, enhanced gaé 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 altiy of carbon nanotubes is expected to
have profound impact opolymer and fiber processy, as well as on the
resulting morphology and properties. &hesults of studg carried out to

date are briefly reviewed in this paper.

1. Introduction

At the end of nineteenth century, omigttural fibers such as cotton, wool,
and silk were available. Man-made fibers were being developed at that time.
Most man-made or synthetic fibers thvet know today have been developed
in the last 70 years or stn the category of poiyieric fibers, these include
polyester, nylon, polyethylene, ppropylene, acrylic,spandex, Noméx
Kevlar®, and Zyloff. This list of polymeric thers is not complete. The
category of other fibers includes carbon fibers, silicon carbide, alumina,
glass, alumina-borosilicate, and boron. rslehan 50% of the fibers used in
the world today did not exist just hundrgears ago. A ten-fold increase in
fiber tensile strength has been achiewedr last hundred years (from about
0.5 GPa hundred years ago to more thaBPa today). The decision by the
DuPont Co’s board in 1927 at the pdotgy 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 th& @ntury.
The importance of this decision by the DuPont’s board must be viewed in the
light of the following facts: (a) Irearly 1900, DuPont was a gun powder
company. Why would a company in thgen powder business invest in the
unproven concept of macromoleculeN® one at that time could have
predicted that you can take crude oil ammhvert it into fine textiles, bullet
proof vests, fuselage of an airplaiwe,a medical suture. (b) The Chemistry
Nobel laureate (1902) Emil Fisher haiebclaimed that there are no molecules
with molecular weight greater than 500@) Fisher’'s authority in the field
was so great that no one dared gjoeshim. However, by 1920s there was
significant evidence for high moleculaveight compounds that compelled
Hermann Staudinger (Chemistry Nobeizpr1953) to champion the concept
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of macromolecules [2]. (d) HermanStaudinger was ridiculed by most
academic chemists at that time and th&ted that Staudger was corrupting
Chemistry and that there were no such large molecules. (e) Nearly half a
dozen academic chemists turned dowm ¢dfers from DuBnt to head their
program for investigatig macromolecules, befora young lecturer from
Harvard (Carothers) accepted the job.

Polypropylene, first made in 193@8as 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 beentensively usedsince 1930s, was
processed into high-performance fibers by gel spinning in 1970s.

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

Carbon nanotube (CNT) research esents a sub-field of nanotechnology.
The carbon nanotubes were first recogniret®91, though they existed before
this period but were not recognized as such. During this 17 years period
(as of June 2008), moreath 32,000 researgbapers have been published on
the topic of carbon nanotubes and oved 8f these papers address the issue
of carbon nanotube fiber or carbon nam® containing fiber. This suggest
that the topic of nano technologicallyiam fibers is rather large, and even
the somewhat narrower topic of CNT contag fibers is als@juite vast to be
comprehensively covered in this article. Therefore only a brief overview of
carbon nanotube containing polymeihmers is presented here.

It has been a challenge to makecroascale CNT structures in the form
of continuous fiber to fully utilize their outstanding mechanical properties.
Poulin and co-workers [3] introducgafotocols that enaéd well-dispersed
CNTs to be injected into a "non-seht" (coagulation bath) to obtain
continuous fibers using the process known as wet-spinnind#ighman
and co-workers [5, 6] took significant strides forward to improve the
production and processing led to fibe@mposed of 60 wt% of CNTs with
strength that equals the highest pariance spider silkand with higher
toughness than previously reped for any organic fiber.

Neat CNT fibers can also be processed from liquid media [7, 8.
Alternatively, they may beulled from nanotube “forests” [9] or drawn as an
aerogel fiber from the gas phase imeactor [10, 11]. The latter process
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appears to be particularly promising.eTspecific strength of this fiber is up

to 2.5 times that of the strongest coernial fiber today.There have been
many reports [7, 8, 10-18] on theeparation and propeges of neat CNT
fibers or yarns, but this sectioncisses only on the CNT/polymer composite
fibers. The CNT composite fibers have been dealt with partly in several
reviews on CNT composites [19-21This review mainly focuses on the
composite fiber formation anapplications thereof.

2. Formation of CNT/polymer composite fibers

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

Technical and industriapplications, such as ropes and tire cords, among
other properties require high strengthd high modulus. The cost of high-
performance fibers is generally abd$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 highfpenance polymeridibers such as
Kevla® and Zyloff on the other. Use of carbon nanotube in polymeric
materials has the potential to clabe performance gap between these two
classes of fibers.

2.1. The CNT composite fibers by solution spinning

As the dispersion of nanotube in polgr matrix is an ipportant factor in
preparation of polymer/CNT composifiers, solution processing has been
extensively used to prepaitteese 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 pra®i by magnetic stirring, shear mixing,
reflux, or most commonly, ultrasonicatioSonication 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] demonstratedoer formation by injecting CNT solution
into a rotating bath of poly(vinyl ebhol) (PVA)/water solution, showing
enhanced CNT alignment. This metheds further improved by Dalton et al.
[23, 24] Furthermore, Miaudet et al.] [Bave shown that these fibers can be
drawn at above the glass transition terapees of PVA, redting in improved
nanotube alignment and polymer crystallinity.

There have been a numlzdreports on the compits fibers using various
types of polymers and CNTs as suaniped in Table 1 [8, 13, 23-57].

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

Polymer CNT Focus of the research Refererjce Year

DNA SWNT Supercapacitorgrtificial muscles [45] 2008

PAN SWNT | Structure [53] 2008

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

PVA/gelation MWNT | Compatibilitymechanicaproperties [50] 2008

PAN SWNT Stabilization and carbonization [27] 2007

Lyocell MWNT | Mechanicabproperties [30] 2007

PVA N/A EIectrlce_lIIy conduct!ve 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 Electroactlve shape memory [44] 2007
properties

PVA SWNT Mechanicabproperties [40] 2007

PANI N/A EIectrochemlc_:aI properties for 52] 2007
battery materials

Lyocell MWNT | Mechanicalproperties [56] 2007

PAN SWNT SWNT gxfollatlon, 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 properti¢s [33] 2006

Chitosan Mechanical properties, pH sensitivjty [46] 2006

PANI SWNT Artificial muscles [34] 2006

PVA SWNT Orientation of polymer and CNT [32] 2006

PVA SWNT Surfactanfree spinning [36] 2006

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

SWNT : . .
PAN DWNT Orr(;erétslit(la(;n, mechanical and thermgl 28] 2005
MWNT | PP
PAN SWNT | Oxidativestabilization [31] 2005
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Table 1. Continued

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

PEI SWNT | Conductivefiber [35] 2005

PVA SWNT PVA coagulation, pure CNT fiber [49] 200%
CNT fibers through wet spinning

PVA MWNT into PVA solution as coagulant [8] 2005

UHMWPE SWNT Mechanicgbroperties [54] 2005

PVA SWNT Hollow polymer free CNT fibers [13] 2005

PAN SWNT Mechanicalproperties [48] 2004

PVA SWNT Mechanicalproperties [57] 2004
Mechanical properties,

DNA SWNT electrochemical behavior, [25] 2004
capacitance

PVA MWNT | Mechanicaproperties [24] 2003

UHMWPE MWNT | Gel spinning, mechanical propertias [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 carbonizé) PAN and (b) PAN/SWNT (1 wt%
SWNT) [27].

Kumar et al. [29] demonstrated tlpessibility to prepre super-strong
fibers by using poly(p-phenylene rmobisoxazole) (BO). They also
suggested that polyacrylonitrile (PAMNiygle-wall carbon nanotube (SWNT)
composite fibers can be used as a precursor for carbon fibers with enhanced
mechanical properties [27, 31]. Thesported that carbonized PAN/SWNT
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(1 wt% SWNT) fibers exhibited 64 % hightensile strengthnd 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 fike High-resolution transmission
electron microscopy (HR-TEM) and Raman spectroscopy evidenced the
graphitic structure formation in the cimity of SWNT at a relatively low
carbonization temperature (~ 1180). Electrically condudte fibers are also
one of major applications of CNT cowgite fibers [4, 35]. Recently fibers
were also made from the solution otural polymers such as DNA, chitosan,
and gelatin for application as biomatésiauch 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 haf@cused on production of composite
fibers by melt processing as summad in Table 2 [B-79]. One of the
earliest studies on melt processiafy polymer—nanotubes composites was
carried out by Haggenmueller et al. [@@hin target of the melt-spun fibers
is enhancement of mechanical pedpes and electrical conductivity.
However, in the fabrication of CNreinforced composites, the CNT
dispersion in the matrix is one of the sharitical issues. As the dispersion of
CNT in polymer melt is much more diffitttthan in solution, many kinds of
methods have been investigatecenhance the dispersion.

Meng et al. [72] incorporated mulvall carbon nanotubes (MWNT) into
the shape memory polyurethane fibby in-situ polymerization with
treatment of MWNT in concentrateditric acid and sulfuric acid. They
demonstrated that through the mechanstating, ultrasonic vibration, melt
blending, extrusion and melt sping, 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 compedibers increased 136.9 % (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% of acid treated MWNT.

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

Polymer | CNT Focus of the research Reference  VYlear

PU MWNT In situ polymerizéion, shape memory [72] 2008
materials

PET MWNT Functionalized CNT, mechanical properties [77] 2008
Plasticized melt processing and electfo-

PAN MWNT spinning, PAN/CNT interaction [79] 2007

PU MWNT | Shapememoryfiber [73] 2007

PP MWNT | Process-morphology-propentglationships [67] 2007,

PU MWNT Mechanical properties, elastic properties [62] 2006

PET MWNT Conductivdibers [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 | Conductivefiber [75] 2005

PC MWNT | Molecularorientation [64] 2005

PP SWNT Mechanicabroperties [61] 2005

PP SWNT Mechanicaproperties [74] 2004

PA12 MWNT Mechanicaproperties [76] 2004

PP MWNT Improving the antistatic ability [70] 2004

Pl SWNT SWNT alignment in Ultem [78] 2004

PP SWNT Crystall_lzatlon and orientation, mechaniqal [60] 2003
properties

Pitch MWNT Carborfiber microstructure [63] 2003

PP MWNT | Electricalproperties [58] 2002

PP MWNT | Mechanicalproperties [68] 2002

PMMA SWNT Mechanlcal_ and electrical properties, [66] 2000
nanotube alignment

Pitch SWNT Carboffiber [59] 1999
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2.3 Polymer/CNT composite fibers by electro-spinning

Another method used recentlfo form polymer/CNT composite
nanofibers from solution is electspinning. Electro-spinning allows the
fabrication of fibers with diameterdown to a few tens of nanometers.
Electro-spinning is not only the focw$ intense academic investigation; the
technique is already being applimn many technological areas.

Ko et al. [80] firstly described electro-spinning as a method to fabricate
polymer/CNT composite fibers and yarnFibers with diameters between
10 nm and lum can be produced in this method. In a similar study,
Sen et al. [81] formeéiber based membranes by electro-spinning solution
of SWNT dispersed in either polysgme or polyurethane. Kim et al. [82]
prepared electro-spun composifdbers based on polycarbonate with
MWNT. They reported that the memame composed of the composite
fibers exhibited strong and tough propesti€éhey suggested that the results
may provide a feasible considerationsoich electro-spun composite fibers
for use as the reinforcing elementsairpolymer based composite of a new
kind.

On the other hand, electro-spinning is a useful method to obtain an
effective structure for biomedical apmiton like scaffold. McCullen et al.
[83] investigated electro-spinning pbly (L-D-lactic add) (PLA) with the
addition of MWNT for development o& scaffold for tissue engineering.
Meng et al. [84] reported the nandribus scaffold of MWNT/polyurethane
composite with an averagfiber diameter of 300 - 500 nm by electro-
spinning. They demonstrated thahe composite scaffold exhibited
enhancement not only to the cell adbasand proliferation but also to the
cell migration and aggregation. H= 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 asanucleating agent in polymer composite fibers

Nucleating agents for polymer cryllitaation play an important role in
processing polymer/CNT fibers. Thexee 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 resbapapers 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 wq carbon nanotube content used in the
polymer matrix was as high as 60 wt% [99]. While improvements occurred in
many physical and mechanical prdpe, the absolute properties of the
composites, particularly mechanical properties wereasbigh as expected.

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

Polymer CNT Focus Of the research Reference  Year

PAG MWNT Continuous twisted composite nanofiber [86] 2008
yarn

PU MWNT | Bioapplication:scaffold [84] 2008

Butadiene MWNT Mechanicalproperties [85] 2008

elastomer

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

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

PVA MWNT Mechanicabproperties [91] 2007

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

PLA MWNT Dev_elopment of a scaffold for tissye [83] 2007
engineering

PAN MWNT Composne parbon fiber preparation by 87, 88] 2007
electro-spinning 2006

PMMA CNF Electro-sputiber [94] 2006

PPy MWNT The elec_trqchemlstry and current-voltage [90] 2006
characteristics

Polymers | CNT Appllcat|0n§ in medicine, sensors, catalysts [89] 2005
and photonics

PBT MWNT | Electro-spurfiber [95] 2005

PC MWNT Nanoporous electro-spun fiber [82] 2005

P | SWNT | Core(CNT) - shell (PMMA) nanofiber 03] | 2005

PS, PU SWNT Nanofiber membrane [81] 2004

PVDF MWNT Electricalproperties [96] 2003

PLA, N A

PAN SWNT Electro-spinning [80] 2003
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This was generally attributed to ti@lowing three faabrs: (a) poor CNT
dispersion, (b) impurity in the carbaranotube, (c) poor interfacial strength
between the polymer and the carbon nanotube. However when high purity
nanotubes are well dispersed and eatelil in the polymer matrix, good to
excellent tensile property composites can be obtained [26, 27, 29, 51, 66,
100-103]. It is being increasingly recaoged that only when a small quantity
of carbon nanotube, particularly 3V, are dispersed and exfoliated in
polymer matrix, then it can affect the polymer orientation and crystatiza
[26, 76, 104-110].

Both SWNT and MWNT have beenahn to act as aucleating agent
for polymer crystallizatio [104, 107, 111:19]. 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 terephthalat@®BT), poly(vinyl alcohol) (PVA)
[108, 122-124], poly-caprolactone) [125], and poly(m-phenylenevinylene-
co-2,5 dioctyloxy-p-phenylenevinylenf)26]. 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 SWNJontent ranging &m 0.03 to 3 wit%
the rate of crystallization comparéd neat PET samples increase as the
SWNT content increases [127]. In sonases higher natube concentration
(e.g. 15 wt%) has been used. Polymancttire and CNT type (e.g. SWNT or
MWNT, pristine tube vs. functionalized tube, etc.) affect the interaction
between the two entities, whichtintately affect the polymer mntation
and crystallization. The use of CNTs at low concentrations results in
faster crystallization rates at higher temperatulem 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 ngaltymer, and the crystallization rate is
faster in the composite [128]n-situ polymerization o-caprolactone in the
presence of SWNT leads to the formatiof film nanocomposites containing
g-caprolactone functionalized SWNTin the polymer matrix with
concentrations from 0.5 to 4.6 wt%. Differential scanning calorimetry (DSC)
results implied that the esence of SWNT in the-caprolatone matrix
increased crystallinity, and the crystal growth was much faster [113].
WAXD studies of melt-spun polyethsthe and polyethylerdiSWNT fibers
show that after melting and recrystzdltion neat polyethylene fibers are
isotropic while polyethylene/SWNT fibersetain some orientation [105].
Melt-processed injected molded PBT/SWNT composites show that SWNT
template polymer orientation duringhearing and also template polymer
crystallization [129, 130].
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When the SWNT and surroundingnaterial have high interaction
templating behavior is observed. Small molecules such@§,Hhave 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 consistentlyroughout 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 oligems have been shown to decorate the
surface of SWNT by a mechanism obfsepitaxy” [112]. Polyvinylidiene
fluoride, and poly(L-lysine) have aldmeen used to form nano-hybrid shish
kebab structures on CNT [134]. CNTsalpromote smaller crystal size as
well as smaller spheruliteize [104, 105, 107]and this is indicative of the
increased number of nucleationtesi 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 compositeg.[127
In these samples PET and PET witht%\SWNT loading are prepared under
identical conditions by melt compoung 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 subseqiestretched to a draw ratio of four
to induce PET and SWNT orientatioNide-angle X-ray diffraction (WAXD)
of both materials shows that PET is otexl in the samples (Figure 2A and C).
The strained PET and PET/SWNT sdespwere held at fixed length and
heated at 20C/min to 300°C. After melting PET, both samples were
allowed to recrystallized at a cooling rate of°@@min. WAXD of the heat-
treated samples show that polymer retains its orientation in the PET/SWNT
sample but not in the neat PETngae (Figure 2D) [127]. Although
polymer melting occurs in the PEBWNT sample, SWNT maintains its
orientation due to its rod-like struct and upon recrystallization acts as a
template for reorientation and cryMiteation of the PET. This is an
important observation and shows tlarbon nanotubes wgabe used as
nucleating agents in polymer procegsto promote polymer crystallization
and orientation. This could potertiachange the morphology of typical
semi-crystalline polymeric fibers proded from polymers like PET, nylon,
polyethylene, and polypropylene and pave the way to producing high-
performance fibers &m these systems.
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Figure 2. Wide-angle X-ray diffraction pattes of (A) drawn PET/SWNT (SWNT
content 1 wt%) nanocompits film, (B) PET/SWNT 1 wt% nanocomposite film
after melting to 300 °C andubsequently slowly cooled at constant length to room
temperature, (C) drawn neat PET film, (D) drawn neat PET film after meling
300 °C and subsequently slowly coolecdanstant length to room temperature. The
drawing direction was vertical. After rtemg and re-crystallization, PET film
becomes unoriented as expected (D), while remarkably only at 1 wt% SWNT
concentration, PET/SWNT film retainsts high orientatia [127]. (E) PP
transcrystalline interfacial layer of€NT fibers [153]. The development of
transcrystallinity providethe evidence of interactidretween PP and CNT. Optical
micrographs with cross-poiaers of spherulite forman in (F) PP, (G) PP/SWNT
(0.1 wt% SWNT), (H) PP/SWNT (1 & 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 ressltin lower thermal shrinkage in the
composite containing the carbon nart@las compared to the neat polymer
(Figure 3a and b). Oriented flexibpwlymer molecules when heated above
their glass transition temperature becarog 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 wit% SWNT reshd thermal shrinkage from 14 % in PAN

to 7 % in PAN/SWNT at 180 °C. (d) €wmal shrinkage in polypropylene and
polypropylene/CNT fibers [135]. CNT contein polypropylene was 0.1 and 1 wt% as
indicated. Even 0.1 wt% exfoliated carbon nanotubes, reduced polypropylene thermal
shrinkage at 160 °C fromver 25 % to below 5 %.

The presence of nanotube restrithss shrinkage. Polymer molecule
wants to shrink, however carbaranotube at these temperatures (100 to
300 °C) does not go from ariented state to a cdike state, and therefore
does not shrink. Interaction betwepalymer molecules and CNT, restricts
the polymer shrinkage. In amorphoaad semi-crystalline polymers, this
behavior can be observed above the pelly glass transition temperature. In
semi-crystalline polymers this beharvican even be observed at polymer
melting temperature. PAN/CNT anéP/CNT composite fibers show
significant reduction in thermal shrinkage with the addition of CNT
compared to the neat fiber (Figure 3c and d)/ICRH fibers heated at
170 °C (above polypropylene meltingrtperature) shows that PP/CNT fibers
retain polymer orientation [135], a rdisof polypropylene interaction with
CNT. In PMMA/carbon nanofiber (CNFcomposites thermal shrinkage at
110 °C is reduced from ~35 % in nédIMA fibers to ~5 % in PMMA/CNF
fiber with 5 wt% CNF loading [136].
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Increased dispersion and interfdcinteraction between the polymer
matrix and CNT would leatb even greater imprewment in the mechanical
properties, and may also contributehe improvement in thermal, electrical,
and optical properties of composite miatks. Studies othese systems add
to the fundamental understanding tfe nucleating capability of CNT,
epitaxial polymer-CNT interaction, and templated crystallization of the
polymer at the CNT-polymer interfacand may ultimately lead to more
efficient production of bulk nanocgmosites. The combination of strong
polymer-CNT interaction, nucleatioability of CNT, CNT templating of
polymer orientation and crystallinity aedl properties that one can build on
to develop high-performancebrs from commodity polymers.

3.2. Electrical conductivity

Fabrication of electrically condting polymer/CNT composites is
another potential application of CNTahose 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% MWNbRading [137]. Sandler et al. [138]
dispersed MWNTs in an epoxy matrix to obtain a composite with an
electrical conductivity sufficient for dirstatic applications. The percolation
threshold was proven to be below 0.04 wt% MWNT, while the overall
conductivity increased as compared darbon black. Sandler et al. [139]
carried this study further and obtained ultra-low eletical percolation
threshold of 0.005 wt% by using aligd MWNTs grown from an injection
chemical vapor deposition (CVD) process. Kymakis et al. [140] found that
doping of a conducting polymer, sudis poly(3-octylthiophene), with
SWNTs to form a composite increaseg thectrical conductivity by five
orders of magnitude dm O to 20 wt% nanotube concentration. The
percolation threshold was determined to be 11 wt%.

3.3. Thermal conductivity

Although theory predicts the rootemperature thermal conductivity of
greater than 6000 W/m-K for isobst SWNTs [141], and measurements
show higher than 3000 W/m-K and®®V/m-K for isolated MWNTs [142]
and aligned bundles of SWNTSs [143], respectively, thermal conductivity has
been one of the least erpéd areas in the study pblymer/CNT composites.
Hone et al. [143] made epoxy/SWNbmposites whose room temperature
thermal conductivity enhanced by 126 at 1 wt% SWNT loading, as
compared to epoxy filled with par grown carbon fiber (VGCF). In
continuation of the same work, Biercakal. [144] reporte@ 70 % increase
in thermal conductivity at 40 K, up to 125 % abmo temperature also at
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1 wt% SWNT. It is likely that SWNTare superior to VGEs because their
nano-scale diameter and larger aspeatio facilitate the formation of
extensive network at the same waigoading. Windle et al. work on
CNT/epoxy composites show that theal conductivity is unaffected by
increasing CNT loading in samples, amy slight enhanements in thermal
conductivity are observefll45, 146]. CNT composites with high thermal
conductivity have a number of potentagdplications, particularly in thermal
management, such as heat sigkior electronics and motors.

3.4. Property enhancements dueto CNT templated orientation

and crystallization

Using orientation and crystallizatioability of CNT recently it was
shown that by adding gnl wt% SWNT, tensile strength of oriented PVA
film increased from 0.4 GPa to 1.2 Gfacrease 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 ofstldata shows that effective stress on
the carbon nanotube in thesesea at failure was in the range of 88 to
120 GPa. These stress values are hitgtesr the theoretical tensile strength of
carbon nanotubes [148], and thus lendspsut to the argument that addition
of CNT modifies polymer morphology iterms of higher crystallinity and
orientation of the polymer. This resulitsmechanical properties beyond what
Is predicted by the rule of mixtures. Direct evidence of increased crystallinity
and orientation due to the presencenahotubes has been obtained in a
number of systems [26, 20108, 149]. In additionthere is also indirect
evidence for the same. The indirextidence includes, enhanced solvent
resistance [26, 48149], higher electron beamadiation resistance for the
polymer containing CNT thanéhcontrol polymer [26, 51, 108].

Shearing of PVA/SWNT dispersiogsntaining 1 wt% SWNT resulted in
the formation of self-assembled orient@d A/SWNT fibers or ribbons, while
PVA solution results in the formation ohoriented fibers. Diameter/width and
length of these self assembled fibers was 5 taudband 0.5 to 3 mm,
respectively. Both the PVA and PVA/S\WV fibers are composed of fibrils
ranging from about 100 to 800 nm dilameter. The PVA/SWNT fibrils also
appear to consist of nano-fibrils rangiiftom 25 to about 100 nm in diameter,
while the PVA fibrils did not show thebvious presence of nano-fibrils. These
PVA/SWNT nano-fibrils can be used as seed crystals.

WAXD and polarizing optical naroscopy, both shows that self
assembled PVA fibers are isotropicilehself 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 PVA fibers [150, 151].

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

PVA fibers exhibited about 48 % crystallinity, while crystallinity in
PVA/SWNT fibers was 84 % as deterrathby 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 noteviby that 84 % crystallinity in this
work is without annealing or drawgn The presence of SWNT, results in
significantly enhanced polymer cigdlinity, and that SWNT act as a
template for polymer orientation. Polymer orientation facilitated by the
presence of fully exfoliated SWNTay have implications for polymer
processing.

Mixing MWNT and polypropylene (PP) in the solution results in the
formation of PP/CNT paidles which consist oPP-coated CNT [152]. The
average degree of crystallinity in tleeBP/CNT particles was determined to
be about 80 %. Such agh 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 #te presence of CNT fibers has also
been studied [153]. Polypropylene tramystals were observed on the carbon
nanotube surface (Figure 2E), when polymer melt was isothermally crystallized
in the temperature rangeg 118 to 132 °C. The obsvation of polypropylene
transcrystals on CNT is yet anotheridence of PP-CNT interaction. In
PP/CNT fiber samples melted andcmestallized spherulite growth is
influenced by the presence of CNT, avl the presence of CNT increase the
number of nucleation sites for the polymer and smaller spherulites are
observed (Figure 2F to I) even a low CNT loading (0.1 wt %) [154].

4. Applications of CNT/polymer composite fibers

4.1. Stronger fibers

The improved mechanical properties composite fibers enable them
find new application along with ¢h 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 eTgtructure 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, brelatively weak in axial compression
and transverse to the fiber aXis55]. Such changes as filtar structure

in matrix morphology need to beonsidered when evaluating the
nanocomposite performance with regard to the intrinsic filler properties
[156, 157]. Mechanical properties of mposites fibers are summarized in
Table 4 [3, 26-29, 42, 43, 46, 48, 62, 65, 68, 76, 78, 91, 158].

Non-woven fabric from the compositders could be used for making
distributed sensors, antennas, capegit@nd even batteries. Commercial
applications such as artificial musclesiuctural fibers, and electronic textiles
require development of a continuousnsping process [23]. It is likely that
next-generation carbon fibeused 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 conogites, representing a family of
newly developed composites, have many potential applications such as:
sensors, static charge dissipationeft, electro-magnetic interference shield,
and special purpose clothing acting @®tection or dust and germ free
purpose [55]. Demand for eddtrically conductive textiles has increased in
recent years. The fabricam of CNT composite fibers is of special interest
not only for mechanical but electrontiextile applicationWang et al. [52]
presented new battery materials thetnsist of a solid polyaniline
(PAND/CNT composite fibers which exhibited discharge capacityf
12.1 mAh/g with a CNT content of 0.2#%. Mottaghitalab et al. [34] also
demonstrated that PANI/CNT composite fibers containing 2 wt% CNTs had
improved mechanical, electrical araectrochemical properties compared
with the neat PANI fibers. They sugded that these improved properties
resulted in significantly improved edtromechanical actuation performance
of the composite fibers when comparedhmeat PANI fibers. Xue et al. [55]
showed that electrically conductive yarns from CNT and PVA could be
prepared by two different methods, twapinning and coating process. The
electrical resistance ahe CNT/PVA (40 wt% CNTYromposite fiber by the
wet-spinning process was about tens @Qfdin. They also demonstrated that
PVA/CNT-coated yarns hadnkear resistivity of 2502/cm. The electrical
conductivity of these textiles is vemnportant because the conductive fibers
would be transformed into textile structures by weaving, knitting or other
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manufacturing processes for smart antélligent textiles. Multifunctional

CNT composite fibers are currently ohterest in applications where
actuation and energy-storage functions are highly desirable, such as
electronic textiles.

4.3. Fibersfor biological applications such as artificial muscle

or scaffold

The enhancement of mechanicabgerties along with the improvement
in electrical and electrochemical properties by the inclusion of CNT can be
used to produce low voltage actuatowhich can exersignificant force
and/or movement as compared to nedyrper. Spinks et al. [47] reported a
novel dual mode actuation in the fisecomposed of chitosan, PANI, and
SWNT. They demonstrated that thetumtion of the fibers during pH
switching in acidic or basic electypé 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, Spimtsal. [46] showed that the addition of
small amounts of CNT to PANI fibeoduced significant improvements in
their electro-activity that translates émhanced actuation performance. The
improved strength and stiffness of themposite fibers can be utilized in
various applications where high-force ogtésn is required, such as in strain-
amplification systems or bio-mimetic musculoskeletal systems.

Polyurethane/MWNT composites [723] for the application of shape-
memory materials have outstanding amanical properties and may find
broad applications such as in smdextiles 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, scadif® with the properties of expediting
cell growth.

5. Conclusions

This review summarizes studies @amumber of polymeric fiber systems
containing carbon nanotubes. Compodibers 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, compreass strength, glass traitisn temperature, solvent
resistance, and reduced shrinkage. In addition, carbon nanotube based fibers
will also have electricaind thermal properties. Theedibers will also find
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applications for biomedical scaffolds a®ll 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 namoes/polymer composite fibers.
Understanding the nature of polymer-SWNT interaction will lead to a
more efficient use of CNT in comptss as well as better processing
methods, which may in turn contributeltaver cost of these materials, more
widespread use, improvement in propestof composite fibg, as well as the
production of functional ggmer/CNT composite fibertailored for specific
applications. In addition, there is alseed in industrieBke the aerospace or
automotive, where the growing use ofhguosites will lead to faster, more
functional, lighter, stronger, and mdtes| efficient means of transportation.
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