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Abstract

Carbon nanotubes (CNT) possess many
unique characterigics tha promise to
revolutionize the world of gSructurd me-
terids resulting in ggnificant impact on
our cgpability to build lighter, smaler
and higher peformance dructures for
aerogpace and many other industrid ap-
plications. When the CNT are digned,
micromechanica studies showed the po-
tential of an order of magnitude increase
in mechanica properties comparing to
the state of the art carbon fiber rein
forced composites. The co-
electrospinning process is introduced as
a pahway to redize this potentid by
digning and carying the CNT in the
foom of nanocomposte fibrils thus
forming the precursor for linear, planar
and 3D fiber assemblies for macrocom-
posites. In this study, SWNT were puri-
fied and dispersed in polyacrylonitrile

solution  for  co-dectrospinning  into
nanocompodte fibrils. The structure,
composition and physcd properties of
these composte fibrils were character-
ized by Raman gspectroscopy, TEM,
AFM, and TGA.
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1. Introduction
Since the discovery of carbon nanotubes
(CNT) by lijima in 1991 [1], increasing
attention has been attracted to this newly
emerging materid due to its remarkable
mechanicd and electrica properties [2,
3]. Based on its unique properties, many
gpplications of CNT have been proposed
incduding quantum wires, tiny dectronic
devices [4, 5], hetergjunction devices,
electron emitters [6], nanotube tips for
scanning probe microscope [7], etc. One
of the mogt intriguing applications of
CNT is the polymer/CNT nanocompo-
gtes [8-13]. The superb mechanic prop-
ety of CNT makes them ided candidate
a filles in high drength, lightweight
polymer composte. Polymers such as
epoxy [10], thermoplastics [11], ges
[12], as wdl as Poly (methyl methacry-
late) (PMMA) [13] have been used as
the matrix. However, the developments
in  polymer/CNT nanocomposte has
been limited by the problems with the
disperson of the fillers as wdl as the
load transfer across the CNT polymer
interface due to the atomicaly smooth



CNT surface. Wadl-digned CNTs ae
ads prefered snce they are highly ani-
sotropic. A number of methods have
been used to achieve highly oriented
CNT. [14-16]. All these methods are
limited to microscde and are not suitable
for commercid composte manufactur-
ing process.

Based on a recent NASA study by Harris
et d. [17] usng micromechanics compu
tation, it was concluded that an order of
magnitude increese in specific modulus
can be achieved with SWNT composites.
Despite their promise, most current stud-
ies are limited to the physcs and chem+
istry of individud SWNTs There is lim-
ited knowledge on the properties of mac-
roscopic  materids compriang SWNTs
as the basc building blocks for macro-
scopic dructures. 1t is dill not  clear
whether the superb properties observed
a the individud molecular level can be
scaled up to the macroscopic structures.
In order to redize the exciting potentid
of SWNTS, there is a need for processng
methodologies and robust manufacturing
technologies to convert SWNTs to mac-
roscopic structures. In - a recent paper [
18 ] by Ko & 4, the concept of forme

tion of super cabon nanotube fibril
(SCF) by the dectrospinning process
was introduced. In this paper the HiPco
sngle wadl cabon nanotubes (SWNT)
dispersed in a polyacrylonitrile  matrix
ae uxd to demondrate the vaidity of
the SCF concept.

2. Co-dectrospinning of SWNT/PAN

HiPco single wal nanotubes (SWNTY)
obtained from Rice Univerdty, were pu-
rified, dispersed and mixed with Poly-
acrylonytrite (PAN) and co-
electrospinning was done to produce the
SWNT fibrils. The purification process
for the HiPco SWNT is necessary be-
cause of the iron catdysts entrgpped in
cabon shdls of the nanotubes must be
removed. The purification process cals
for multiple seps of oxidation, cleaning,
rindng and filtering according to the
flow diagram shown in Fg. 1. In the
same figwre TEM images of the
SWNT/PAN fibril are shown reveding
a diamond pattern of the SWNT s
Some ligaments of the SWNT/PAN 5
nm in diameter were also observed.
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Figure 1. Processing Flow of SWNT/PAN Composite Fibrils and their TEM images.
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The dectrospinning process is a non
mechanicd method capable of the for-
mation of nanoscale fibers dectrodtati-
cdly from polymer solutions or mdts.
Electrogtaic generation of ultrafine fi-
bers (“eectrospinning”) has been known
snce the 1930's [18,19] This technique
has been recently rediscovered for appli-
cations such as high performance filters
[21] and for sceffolds in tissue engineer-
ing [22] that utilize the unique character-
isics of the high surface area (~ 10°
nf/gm) provided by the fibers In this
technique, a high dectric fidd is gener-
ated between a polymer fluid contained
in a glass syringe with a capillary tip and
a metdlic collection screen. When the
voltage reaches a criticad vaue, the
charge overcomes the surface tenson of
the deformed drop of the suspended
polymer solution formed on the tip of
the syringe and a jet of ultrafine fibers is
produced. The dectricaly charged jet
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3. Characterization of CNT Fibril

3.1 Raman Spectr oscopy

Raman spectroscopy andyss has been
conducted on fiber spun with and with-
out sngle wal nanotubes (SWNT) as
shown in Figure 3. These gpectra were
recorded usng a Renishaw Raman+
microspectrometer Ramascope 1000 by

[
Nanocomposite
fibrils
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undergoes a series of dectricdly i+
duced bending ingabilities during its
passage to the collection screen that re-
ats in the hyper-dretching of the jet.
This dretching process is accompanied
by the rapid eveporation of the solvent
molecules that reduces the diameter of
the jet in a cone shape radius. The dry
fibers are accumulated on the surface of
the collection screen or a collecting
drum, resulting in a norrwoven mat or
linear assambly of nano to micron di-
ameter fibers. The process can be ad-
justed to control the fiber diameter by
varying the charge densty (~1.5KV/cm
was employed) and polymer solution
concentration, while the duration of eec-
trogoinning controls the thickness of fi-
ber depostion A scheméatic drawing of
the dectrospinning process of SWNT
and PAN isshown in Figure 2. .

Braid
Angle
Effect

CNT Property and
Packing

—>|4 Fibril and Yarn Packing

Figure 2. Co-dectrospinning of SWNT/PAN Fibril and Fibrous Structures.

>|‘ Braid Helix Angle -I

usng a diode laser (780nm excitation
wavelength, 12 Wi/cn?), which corre-
soonds to the equivaent photon energy
of 1.58eV. Typicd peaks of SWNT's
can be seen in the fiber spun with nano-
tubes, which serves as a direct confirme-
tion of the successul filling of polymers
with the nanotubes.
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The most intense bands in the Raman
goectra of gngle wal carbon nanotubes
ae the radid breathing mode (RBM)
near 180 cm? and the modes between
1500-1600 cmit associated with the tan-
gentid diglacement of C-C bond

dretching motions of the nanotubes.
RBM bdongs to the identity representa
tion (Arg or A radia band), while 1500
1600 cm' range belongs to Eig or Exg
symmetry  (tangentid band)  [23]

516 405 275

§  PRaaiiniegit (ilitar UBits)

Raman Shift (cm -1)

Figure 3. Raman Spectra of PAN and SWNT/PAN at 780 nm Excitation

According to the theoretical predictions
RBM frequency is inversely proportiond
to the tube diameter, without any de-
pendence on the chird angle. On the
other hand, it has been dso shown that
the frequencies and the number of the
Raman active modes between 1500
1600cmi* depend on the diameter and
the chirdity of the nanotube. However,
within each type of nanotube, the modes
in the 1580-1590 cm! range are ex-
pected to be very weakly dependent on
the nanotube diameter, by perhaps an
order of magnitude less than for the case
of the diameter dependence of the RBM.

From the results shown here, the most
intense band in the Raman Spectra of
SWNT-filled fiber is the radid breath
ing mode (RBM) near 270 cmi’. The
presence of at least 6 RBM peaks is do-

4

served in the range from130-275 cmt.
This corresponds to a very large diame-
ter didribution shown by the low-
frequency bands and confirmed by the
broader splitting of the Exp graphite
mode, which smply means that the
sample has different tube diameters.

3.2 Theamal Stability by Thermal
Gravimetric Analysis

The CNT contents in the PAN nanofi-
bers can be detected by the thermogra-
vimetry method. Both pure PAN r and
PAN-CNT nanofibers were heated in the
ar amosphere a a rate of 20°C/min.
Decomposition of PAN tekes place a
308°C for the pure PAN nanofiber and
325°C for the PAN-CNT nanofiber, i
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dicating that CNT in the PAN nanofibers
increases PAN’'s thermd dability.  The
difference of the remaning weight be-
tween these two samples (56.8% for
pure PAN and 61.2% for PAN-CNT) at
the plateau region (around 330°C) is due
to the CNT contents in the PAN-CNT
nanofibers.  Assuming that the same de-
compogtion mechanism for these two
samples, (thermd pyrolyss of PAN is
rdaively complicated; snce our man

110

god is to determine the CNT contents in
the nanofibers, the detalled mechanism
will not be discussed here)[24,25] the
CNT content in the PAN-CNT can there-
fore be caculated to be 10 wt %. The
results suggest that 10% of CNT in the
PAN-CNT nanofibers increases the de-
composition temperature of PAN nano-
fibersby 17°C.
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Figure 4. TGA andlysis of PAN (dotted line) and PAN-CNT (solid line) nanofibersin air.

3.3 Atomic Force Microscopy

The aomic force microscope (AFM)
offers the opportunity not only to charac-
terize the surface topography of the fi-
bers but aso to invesigate their me-
chanica, dectricd and thermd proper-
ties, with the utilization of appropriate
probes. Since the structural, mechanical,
eectricd and therma propertties of the
SWNT/PAN fibrils are expected to be
highly anisotropic and  heterogeneous,
the high gpatid resolution of AFM
makes it an ided tool to measure these
properties localy. These locd proper-
ties will reved cetan microscopic

mechanisms for the observed behaviors
of these fibers on the macroscopic scae.

Surface sructure characteriza-
tion — Both tgpping-mode and contact-
mode AFM imaging will be used to
characterize the surface structures of the
SWNT/PAN fibers. AFM imaging re-
quires a flat substrate and a sparse distri-
bution of fibers firmly atached to the
substrate. We have found hat depositing
the fibers directly on a fresh mica su-
face during the dectrospinning produces
satidactory specimens for AFM  imag-
ing. The
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attachment of the fibers to the mica sub-
drate is strong enough to withstand im-
aging.  Prdiminary results show that
PAN fibers and the SWNT/PAN fila

ments have diginctly different surface

dructures, as shown in figures 5a and

5b.

Figure 5. AFM images of (a) PAN fiber; (b) SWNT/PAN Fibril

The questions that can be addressed &
ing AFM imaging indude how the incu-
gon of SWNTs changes the surface
morphology of the fiber, how the
SWNTs are oriented in the fibers, and
how the fibers interact with each other a
the crossover points. Since AFM can
image samples submerged in liquids, the
effects of different solvents

on the fiber properties can be monitored
and measured.

Mechanical properties meas-
urements - The AFM has been used to
investigate the mechanica properties of
carbon nanotubes [26-29]. We have
used this agpproach to measure the me-
chanicd properties of the SWNT/PAN
fibers. In such an experiment, the fibers
are first imaged, and the AFM tip is then
positioned on top of the fiber at the point
of interest, and the sample surface is
then raised as shown in figure 6(a).

6

The force is obtained from the dflection
of the cantilever Dd, the amount of fiber
indentation/deformation Dz can be ob-
taned from the difference of the sample
height increase Dh and Dd: Dz=Dh - Dd.
The eéagic modulus of the fiber can be
evaluated based on these measured pa
rameters using the agpproach of Kracke
and Damaschke [27]. The method util-
izes the rddionship dFdDz) =
(2/pY?)E*AY?, where A is the contact
area, E* is the effective Young's
modulus of the contact as defined by:
1VE*=(1-n12)/E1+(1- ny?)/E,. Here, E,
E; and n; and ny are the dagtic moduli
and the Poisson's ratios of the sample
and the tip. Figures 6(b) and 6(c) show
the results of mechanica property mees-
wements on SWNT/PAN and PAN fi-
bers. Mica was used as a standard since
its dadtic modulus has been determined
the same method [27].
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Figure 6. (8) Schematic for eadticity measurement. (b) Cantilever deflection vs. sample
height in a cycle of compresson and relaxation. (c) Load vs. indentation curves

The fibrils show a non-linear behavior in
the load versus indentation plot, as
shown in figure 6(c). The cause of this
non-linear behavior of the load-
deformation curves is dill under invesdti-
gation. Usng the fird linear region in
the plot (125 nN —300 nN), the Young's
modulus of the SWNT/PAN fibril has
been estimated to be ~2.0GPa, while that
of the PAN fibrils has an approximate
vdue of ~1.0 GPa Although there is
dill a long way from redizing the theo-
reicd  SWNT/PAN composite modulus
of 100GPa, conddering the tendle
modulus of the unfilled PAN nanofibers
of ~ 1GPa, the reinforcement effect is
quite remarkable with only less than
10% weight of SWNT was added show-
ing a ductile mode of falure. For daa
showing in figure 6, a dlicon nitride can+
tilever with a soring congant of 0.58
N/m was used. Each curve in figure §c)
is the average of severd curves mess
ured on the same maerid. The vaues
of tip parameters used in the edtimation
of the dadic modulus ae ny=0.27,

7

E,=130 GPa for the radius of contact
area=5.0 nm.

4. Summary and Conclusions
Co-dectrogpinning process is a viable
means to produce continuous polymeric
filanents filled with SWNT. Purified
HiPco SWNT were dispersed in PAN
solution and co-electrospun achieving a
weight fraction approaching 10%. Ra-
man spectroscopy and TEM  images
showed convincingly the presence of
SWNT in the eectrospun PAN fibrils.
AFM images showed a rough surface of
the SWNT/PAN fibril as compared to
the smooth surface appearance of the
PAN fibrils TEM images further con
firm the presence of SWNT dong the
length of the fibrils reveding a diamond
pattern of the SWNTsThe thermd dabil-
ity of the SWNT/PAN was demonsirated
by TGA showing greater than 15C i+
creese in  decompostion temperature
comparing to PAN. Load-deformation
relationship of sngle SWNT/PAN fibril
was characterized showing a ductile
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mode of falure and a strong reinforce-
ment effect by doubling the tensle
modulus with less than 10% reinforce-
ment by weight.
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