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ELECTROCONDUCTIVE PET/SWNT FILMS BY SOLUTION CASTING
BRIAN W. STEINERT
MASTER OF SCIENCE IN MATERIALS ENGINEERING
ABSTRACT

The market for electrically conductive polymers is rapidly growing, and an
emerging pathway for attaining these materials is via polymer-carbon nanotube (CNT)
nanocomposites, because of the superior properties of CNTs. Due to their excellent
electrical properties and anisotropic magnetic susceptibility, we expect CNTs could be
easily aligned to maximize their effectiveness in imparting electrical conductivity to the
polymer matrix.

Single-walled carbon nanotubes (SWNT) were dispersed in a polyethylene
terephthalate (PET) matrix by solution blending then cast onto a glass substrate to create
thin, flexible films. Various SWNT loading concentrations were implemented (0.5, 1.0,
and 3.0 wt.%) to study the effect of additive density. The processing method was
repeated to produce films in the presence of magnetic fields (3 and 9.4 Tesla).

The SWNTs showed a high susceptibility to the magnetic field and were
effectively aligned in the PET matrix. The alignment was characterized with Raman
spectroscopy. SWNT and nanocomposite morphology, crystallization behavior, and
electrical behavior were also studied. Differential scanning calorimetry (DSC) showed a
significant increase in crystallization time and temperature while showing a decrease in
crystallinity with increasing concentration of SWNTs. Impedance as a function of
frequency was studied to illustrate the effect of SWNT concentration, dispersion, and

alignment on electrical properties.
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Concentration and dispersion seemed to play very important roles in improving
electrical conductivity, while alignment played a secondary and less significant role. The
most interesting result proved to be the effect of a magnetic field during processing. It
appears that a magnetic field may improve dispersion of unmodified SWNTs, which
seems to be more important than alignment. It was concluded that SWNTs offer a good
option as conductive, nucleating filler for electroconductive polymer applications, and the
utilization of a magnetic field may prove to be a novel method for CNT dispersion that

could lead to improved nanocomposite materials.
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CHAPTER 1
INTRODUCTION

From ancient straw and mud bricks for shelter to contemporary reinforced carbon-
carbon tiles for the space shuttle, composites have managed to engineer a long and
notable history in the world of materials. Defined as a material system with two or more
constituents, a composite can be applied to numerous industry needs and circumstances
due to the superior property ranges that can be produced from multiple components. A
relatively newer class of composites, called ‘nanocomposites’, due to one constituent of
the material possessing a nanoscale (10 m) dimension, is quickly gaining interest and
momentum in a variety of diverse fields. Structural protection and support, barrier and
thermal management, and electronics are all areas which will potentially benefit from the
utilization of nanocomposites. They offer an advantage because the nanoscale
component transfers its properties to the matrix much more efficiently than normal
composites, due to a much greater surface area to volume ratio that results in more
matrix-filler interaction.

Nanocomposites come in several forms, with the most common types combining
a polymer matrix with a clay or carbon-based nanoscale filler. Carbon-based fillers, such
as carbon nanotubes (CNTs) and carbon nanofibers (CNFs), are of particular interest with
respect to electronic applications, because they have been shown to conduct electricity

very efficiently [1-9]. By producing a polymer nanocomposite with conducting filler,



one can potentially create a tougher, lighter, and cheaper material for various electrical
applications.

In a report published by Business Communications Company, Inc., the total North
American market for electroactive/conductive polymers reached 128.5 million pounds
valued at $205.3 million in 2003 [10]. These numbers are estimated to rise to 745 million
pounds at a value of almost $1.6 billion by 2008, representing a growth of 9.8% in total
volume per year and 15.3% in value per year [10]. This information strongly expresses
the value of research in this area.

Electroconductive polymers, generally thermoplastics, are commonly described as
pure polymer conductive plastics (e.g. polypyrrole, polythiophene, and polyaniline) or
composites which require the addition of conductive fillers. The areas that encompass
this market include antistatic applications, electrostatic dissipation, battery technology,
flexible electronics, and electromagnetic shielding. Electromagnetic interference (EMI)
shielding is crucial in numerous electronic devices, and presently metal is used most
often for this application. An electroconductive polymer would significantly reduce
weight, manufacturing cost, and provide a much better surface finish [11]. CNTs offer
great potential in this vast expanding market, because of their nanoscale dimensions,
fiber-like geometry, and excellent electrical properties.

Though the promise of innovative CNT nanocomposites exists, many issues still
need to be solved before they can reach their technological potential. The goal of the
research presented in this manuscript is to investigate relationships between processing,
structure, and electrical properties of a novel electroconductive polymer composite with

the addition of CNTs.



The objectives of this research were investigated through the production of
solution cast nanocomposite thin films. Unmodified single-walled CNTs (SWNTs) and
polyethylene terephthalate (PET) were chosen as the filler and matrix materials,
respectively. Magnetic fields were employed to establish anisotropy into the system via
SWNT alignment. The effects of the materials and processing parameters were examined

by measuring crystallization behavior, degree of alignment, and the electrical properties.



CHAPTER 2

BACKGROUND

Carbon Nanotubes

CNTs have come to the forefront of nanostructured materials research in the past
decade. Interest has grown exponentially since the official discovery and characterization
of CNTs in 1991 [12], with only 9 papers or books containing the words ‘carbon
nanotubes’ published in 1992 and more than 6,500 in 2006. This incredible growth and
excitement over CNT research is almost solely due to their excellent, inherent properties
and their wide realm of potential applications. These properties include outstanding
tensile strength and modulus, high thermal conductivity, chemical reactivity as well as
resistance, and potentially selective electrical properties. These attributes, along with
their nanoscale dimension and high aspect ratios (length/diameter), make them extremely
attractive as reinforcement filler in nanocomposite materials, scanning probes, energy

storage, sensors, and a multitude of electronic devices.

Synthesis and Growth

CNT utilization begins with production and cost. Economics dictates that there
be a need and demand for a particular product to thrive. In order to create and increase
that demand, one must get significant return on an investment. For CNTs, the

applications are extremely prevalent and the research is growing. Therefore, the



production and synthesis of CNTs is vital for growth, and it may be one of the few minor
barriers inhibiting CNT potential in the marketplace. Creating cheap and reliable CNT
production mechanisms is a cornerstone of research.

There are a few basic requirements when attempting to manufacture CNTs, which
include an active catalyst, a source of carbon, and sufficient energy to carry out the
synthesis and growth mechanisms. Several different methods are frequently employed to
fulfill these requirements.

The first is the arc discharge method (Figure 1a). Arc discharge involves using a
power supply to create an electric arc across a small gap between two graphite electrodes
(with or without a catalyst) under an inert atmosphere and at pressures between 100 and
1000 torr. Both forms of CNTs, multi-walled carbon nanotubes (MWNTSs) and SWNTs,
can be produced with this method. CNT diameters can be controlled by adjusting the
inert gas composition, and the yield can be controlled by the overall gas pressure. This
method is relatively easy and cheap. However, the CNTs produced with this method
require extensive purification to use them effectively [13, 14].

A second method for producing CNTs is known as laser ablation (vaporization)
(Figure 1b). This method involves evaporating a graphite target (with or without a
catalyst) with a pulsed or continuous laser beam under an inert atmosphere. This method
produces unwanted by-products along with CNTs and both are gathered onto a cold
collector. It is very similar to arc discharge and in both cases metal catalysts are required
to produce SWNTs, while MWNTs are formed in the absence of a catalyst [13, 14].

While arc discharge and laser ablation methods are considered ‘plasma-based’

methods, there are other techniques that are ‘thermal-based’ methods for producing



CNTs. The first of these thermal methods is chemical vapor deposition (CVD) (Figure
Ic). CVD involves forcing gaseous carbon to flow over transition metal catalyst
nanoparticles on a substrate at escalated temperatures (550 to 1200 °C). It has been
shown to produce high-bulk quantities at very high purities (99% with no amorphous
carbon). Due to this, CVD seems to offer great potential for producing high quality,
affordable CNTs for industry needs and applications [13, 14].

Another method closely related to CVD is high-pressure carbon monoxide
synthesis (HiPco) (Figure 1d). It involves injecting a metal catalyst precursor along with
gaseous carbon monoxide (CO) into a reactor. CNTs are formed by the
disproportionation of CO by the nanometer-size catalyst. HiPco is very promising in
industry due to the high quantity (up to kilograms), high quality (97% atomic purity), and
narrow diameter distributions (between 0.7 and 1.1 nm) that is normally seen in the final
product. The CNT diameter range can be controlled by varying the pressure inside the

reactor, and the catalyst composition [13, 14].
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Figure 1. CNT synthesis methods, including (a) arc discharge, (b) laser ablation, (c)
chemical vapor deposition, and (d) high-pressure carbon monoxide synthesis.



Since CVD, and the analogous HiPco process, offer the greatest potential for
large-scale production, the variables and resultant growth behavior of this type of method
should be scrutinized closely. To begin, deposition growth is directly associated with the
location of the catalyst particle, and it can be split into two distinct categories: gas phase
growth and substrate growth. In gas phase growth, the catalyst particle and subsequent
CNT growth are found in suspension. In substrate growth, the catalyst is found on a
specific surface with the ensuing CNT growth occurring perpendicular and away from it
to create a vertical ‘forest’ of CNTs. The CNTs grow and remain upright because of the
van der Waals forces that exist between the outermost walls of a CNT, and its neighbors,
which produce bundling of the CNTs [15].

Both methods of growth will essentially follow a similar growth mechanism,
which can be broken down into the following steps:

1. Diffusion or movement of precursor catalyst to a substrate or area in space.

2. Adsorption of reactive species/feedstock onto the particle surface.

3. Reactions on the particle surface causing CNT and by-product formation.

4. Desorption of by-product away from the particle surface.

The resulting CNT product parameters (e.g. quantity, purity, size, and chirality), are
highly dependent upon numerous variables that effect these steps, including catalyst size
and composition, reactor temperature and pressure, substrate and carbon feedstock
composition, and injection rates. The wide range of variables and uncertainty in the
process makes CNT growth very difficult to decipher and understand. However, two
common models are typically referenced with respect to CNT growth: root (base) growth

and tip growth (Figure 2) [13-15].



. L

Root growth
z
J

Catalyst CHy—> Cri, || B
SRR R 3311
T A /

| —I] Tip growth

Substrate

Figure 2. Schematic of tip and root growth of CNTs on a substrate.

In either case, a hydrocarbon from the carbon feedstock adsorbed on a catalyst
surface decomposes and releases carbon. The carbon then diffuses into the catalyst
particle or around its surface until a saturation point is reached. Once carbon is
supersaturated, it precipitates in a crystalline tubular structure. At this point root or tip
growth will ensue, and the dominant variable in determining the chosen route of growth
is the strength of the catalyst-substrate interaction. If the particle is strongly adhered to
the substrate, then carbon will precipitate upward from the particle surface (tip growth).
If there is weak adherence, then carbon precipitates at the bottom of the particle and lifts
it away from the substrate as growth occurs (root growth). It is believed that tip growth is
the principal mechanism for MWNT formation, while root growth is the principal
mechanism for SWNT formation [13].

The growth interruption mechanism is dependent on several variables. First, it is
vital that there is a constant supply of carbon diffusing through the catalyst particle. An

interruption in the feedstock flow or a build up of amorphous carbon around the particle



surface to create a ‘shell’ can disrupt the process and halt growth. Also, any substantial
external forces that can oppose the growth mechanisms may result in early growth

interruption [13].

Structure

Carbon is an extremely versatile and prevalent particle, and carbon-based
structures arise in a variety of allotropes, including diamond, graphite,
buckminsterfullerenes (‘bucky balls’), and CNTs. These various arrangements occur
because of several different bonding behaviors that carbon can undergo. A carbon atom
has six electrons, with the two innermost electrons being strongly bonded and filling the
Ls orbital. The four outermost electrons, or valence electrons, are weakly bonded and fill
2s% and 2p* orbital. Due to the small energy difference between the upper 2p and lower
2s energy levels, these valence electrons can mix with each other and go through a
process called hybridization. There are three possible hybridizations of carbon, which
include sp, sp’, and sp’. These hybridizations determine the carbon-based molecule
configuration and ultimately the physical properties of the material.

In diamond, sp’ hybridization occurs and produces four equal ¢ covalent bonds in
a tetrahedral configuration (Figure 3a). The strong bonding and tight, interlocking
structure imparts extreme properties to diamond, including tremendous hardness and high
electrical resistance.

In graphite, planar sp” hybridization occurs for three of the four valence electrons
to form three in-plane o covalent bonds while the fourth electron forms a much weaker

out-of-plane © bond (Figure 3b). Actually, the ¢ bond in sp® hybridization is stronger

10



than a ¢ bond in sp’ hybridization, which means graphite is stronger than diamond in-
plane. However, the weaker interaction of the = bond between the hexagonal planes
allows them to slide quite readily between themselves, which makes graphite a relatively
soft material. This ‘loose’ & electron also enhances the electrical conductivity of graphite
compared to diamond.

CNTs basically experience sp” hybridization, because it is essentially a graphite
sheet rolled up into a tubular configuration. This rolling of graphite partially deforms the
sp” hybridization to produce some o-m mixing, or rehybridization of sp* to sp>. This
causes the three ¢ covalent bonds to be slightly out-of-plane (Figure 3c). At the same
time, the curvature of the tube causes quantum confinement and a more delocalized n
electron around the tube surface, which produces some very intriguing electrical
properties.  These bonding characteristics help to produce an assembly that is
considerably stronger, more conductive, and more chemically reactive than the simple

graphite sheet.
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The CNT structure is a simple one, which has been studied extensively by
transmission electron microscopy (TEM), atomic force microscopy (AFM), scanning
tunneling microscopy (STM), and Raman spectroscopy. It is a one-dimensional (1D)
tube with a hexagonal lattice structure and a diameter approximately 1 nm in many cases.
Along with the sp*/partial sp® hybridization and 1D nature, the type of ‘rolling” a CNT
experiences equally helps determine the fundamental properties of the structure. The

‘rolling’ of a CNT can be characterized in terms of the nanotube chirality.

%
Chirality is defined by the chiral vector (C, ) and chiral angle (8). The chiral

vector identifies the circumference of the nanotube surface, and the chiral angle defines
the degree of rolling of a CNT. The chiral vector and angle can be summarized with a set
of vectors (n, m), which are used to identify CNTs. Both parameters can be used to
differentiate the nanotubes into three distinct groups. These groups are labeled armchair
(n =m, 6=30°), zig-zag (n > 0, m = 0, 8=0°), and chiral (n > m > 0, 0 <8< 30°) (Figure
4) [16]. Each type produces slightly different properties. This is especially true when
observing the electrical behavior of CNTs. Table 1 presents various structural parameters

for CNTs.
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Figure 4. Graphite sheet labeled with multiple integers (n, m) and showing the difference

in CNT rolling.

Table 1. Structural parameters of a CNT.

Symbol Name Formula Value
carbon-carbon
fo-c distance 1421 A
p length of unit \/gac_c 246 A
vector
o . 31) (V3 1 in (x,)
a,a, unit vectors [7 5 E]a’ [7 ) EJ coordinates
C i chiral vector C , =ha, +ma, = (n,m) n, m: integers
L glr\(ﬁmference of Lz‘éh‘:a\/nz +m* +nm 0S|m| <n
2 2
d, diameter of CNT 4 _L_~ntm +am a
V3 V4
sin@ = 3m
Nn®+m’ +nm
) 2n+m o
0 chiral angle cosf = 0< |¢9| <30
2dn’ +m® +nm
tan @ = 3m

2n+m

14



The ideal CNT has high structural perfection with low defect density and little to
no amorphous carbon. However, there are variations within this carbon allotrope
category. The two most common variants, which are dependent upon the synthesis
mechanism, are SWNTs and MWNTs. While both have the same basic tubular structure,
one may think of the SWNT as the fundamental structural unit and consisting of a single
tube, one atom thick all the way around. MWNTs, on the other hand, consist of multiple,
diameter-increasing tubes concentrically located around a common axis (Figure 5). The
isolated nature of the SWNT makes them stronger than MWNTs due to the fact that the
concentric cylinders of the MWNTs tend to slip between each other because of weaker
van der Waals forces that hold them together. It also makes SWNTs a much better option
for electronic/conductive applications, because the multiple cylinders of a MWNT can

interfere with each other as electrons flow along the axis.

Single-wall CNT (SWNT)

Mulit-wall CNT (MWNT)

Figure 5. Schematic of SWNT and MWNT structures.
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Electrical Properties

The electrical behavior of CNTs is one of the most highly studied areas in all of
CNT research due to the potential results in a wide range of applications. Theoretical
calculations have shown that the electrical properties of CNTs are very dependent upon
their structure, or their rolled configuration (i.e. armchair, zig-zag, or chiral) and diameter
more specifically [2, 6]. The nanoscale dimensions, 1D strucuture, and tubular symmetry
produce amazing quantum transport effects. Studies have shown that individual CNTs
can behave electrically as a single molecule and be defined as quantum wires [5, 17] with
very high conductive capability (resistivity, R = 10® Q-cm) being reported [1, 3, 18].
This is greater than iron or copper (R = 10° Q-cm) [19], as well as crystalline graphite (R
=10 Q-cm) [20].

The origin of CNT electrical properties begin with graphene sheets, which is a
single plane of graphite. The electrical behavior of graphene can be determined from
their energy dispersion. For single planes of graphene, the conduction and valence bands
touch at six points (each hexagonal lattice corner) of the 1* Brillouin zone at the Fermi
energy, and the energy bands become cone-shaped at these points. These band
intersections at the corners mean the charge carriers display linear energy dispersion in
the vicinity of these points. This is a very interesting characteristic, and it leads to
graphite acting as a semi-metal [21].

As mentioned, the chirality also plays an important role in determining the
electrical properties of CNTs, especially SWNTs. Armchair nanotubes (n = m) are
metallic, while chiral (n > m > 0) and zig-zag (n > 0, m = 0) may be semi-metallic (small

band gap semiconductor) if (n—m)=3i , or semi-conducting (large band gap
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semiconductor) for all other cases [13]. This unique behavior is due to the quantum
confinement mentioned previously and seen in the different electronic band structures
that arise from each type of CNT, which is found by imposing periodic boundary
conditions around the perimeter of the CNT due to the curvature of the tube. The
confinement around the edge of a CNT means the electrons can only move along the axis.
This is why CNTs are referred to as quantum wires. The 1D quantum conduction can be
seen in a CNTs density of states (DOS) in the form of van Hove singularities (Figure 6).

This signature is not seen in a normal graphene plane [22].
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Figure 6. Representative density of states of metallic and semi-conducting CNTs.

Semi-conducting CNTs have been shown to be extremely useful in electronic
devices, such as transistors, because of their strong dependence on gate voltage. Durkop

et al. reported the highest room temperature field-effect mobility (79,000 + 8,000
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cm?/Vs) and intrinsic mobility (120,000 cm?/Vs) ever seen in a semi-conducting device,
and they also concluded that the conductivity of semi-conducting nanotubes may be
‘tuned’ from insulating to highly metallic at large enough gate voltages [7]. These

attributes make CNTs very attractive in electronic applications.

Magnetic Properties

There is an indelible connection between the electrical and magnetic properties of
CNTs. One very interesting and unique characteristic of CNTs is how external magnetic
fields affect the electrical behavior of specific types of nanotubes. It has been shown that
CNTs can undergo an electrical transition in the presence of a magnetic field applied
parallel to the nanotube axis [23-25]. Metallic CNTs can change to semi-conducting, and
vice-versa, due to a magnetic field creating an oscillatory shift in their band gaps. This is
caused by the phase shift that occurs in the wavefunction along the perimeter of the CNT
due to the Aharonov-Bohm effect [24, 25], which is essentially a quantum mechanical
effect that occurs along a conducting wire parallel to a magnetic field and causes
fluctuations in conductance by diverting electrons.

CNTs have also been shown to be magnetically susceptible [23-29]. Magnetic
susceptibility (x) is the degree of magnetization of a material in response to an applied
magnetic field, and it has been the subject of multiple theoretical predictions with respect
to CNTs [23, 29]. It was found that y has an increasing, linear dependence on CNT
diameter. Also, it has been determined that the y is dependent on magnetic field direction
and temperature. Due to magnetic anisotropy, CNTs are able to align in the presence of a

magnetic field. If the magnetic field is parrallel to the CNT axis, then the magnetic

18



susceptibility () for metallic nanotubes is strongly positive (paramagnetic). If the field
is perpendicular to the axis, then the susceptibility ()4) is negative (diamagnetic). For
semi-conducting nanotubes, both %, and y4 are negative (diamagnetic) and | pa | > | A | .
This anisotropic y is the reason magnetic fields may be used for CNT alignment (Figure
7). With respect to temperature, ¥, decreases for metallic and increases for semi-
conducting CNTS as temperature increases, while y4 increases for both metallic and

semi-conducting CNTs as temperature increases [29].

Metallic

] b

Semi-conducting

T\
"'h-..._‘_
"
-
-
— e
-
—

-
T —— ]

0

Figure 7. Representative scaled magnetic susceptibility (R = CNT radius) as a function
of the applied magnetic field angle, relative to the CNT axis.
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Polymer Nanocomposites

Using CNTs as property enhancing nanofillers for a high performance,
lightweight composite is one of the lynchpins of nanocomposite research. These
composites have endless applications in numerous industries throughout the world today,
including automotive, aerospace, biomedical, and electronics industries. However, the
key to utilizing and fulfilling the potential of CNT-based polymer nanocomposites is to
research and develop the tools necessary to exploit them, including synthesis
mechanisms, processing procedures, characterization techniques, and theory that
describes and explains specific behaviors.

There are three major characteristics that define the effectiveness and
performance of polymer nanocomposites [30]:

1. Nano-confined matrix polymer
The nanoscale dimension and geometry of a CNT results in a very large interfacial
reaction and enable a considerable effect upon the surrounding polymer. The enhanced
interface limits polymer chain conformation, and the free energy of polymer near an
interface is vitally different than that in the bulk material. Therefore, at relatively low
concentrations CNTs can effectively confine the polymer matrix which alters mobility,
relaxation behavior, chain ordering and packing, and the resultant crystallite nucleation
and growth.

2. Nanoscale constituents (e.g. CNTs, clay silicates)
When the dimensions of a nanoscale constituent approach the fundamental length scale of
a physical property, it results in the emergence of new superior properties not normally

present in the bulk material. Quantum confinement and paramagnetic response in CNTs
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are two previously mentioned examples of this behavior. Dispersing the nanoscale
material in the bulk material gives rise to a new material dominated by solid-state physics
of the nanoscale component.

3. Nanoscale arrangement of the constituents
Extreme system variations can be generated from modifying the spatial arrangements
and orientations of the nanoscale constituent within a matrix. Also, closely related to this
concept are the constituent interactions between individual particles that establish the
degree of distribution (e.g. clustering, heterogeneous dispersion).

In the grand scheme of polymer nanocomposites, it is inaccurate and incomplete
to simply report CNT concentration and the polymer matrix material. There are many
more important factors contributing to the properties of a nanocomposite, including CNT
synthesis and purification processes, CNT aspect ratios, amount and type of CNT
impurities, CNT orientation, and nanocomposite/polymer synthesis processes [30].
Though it is difficult to determine some of these experimental factors, being able to more
readily answer these questions could improve results and reduce inconsistencies seen in

the research.

Processing

There are several different processing methods that are all relatively common for
producing thermoplastic and thermoset nanocomposites. These methods include several
types of melt processing, solution processing, and in-situ polymerization. Though each

technique is fundamentally different, they all attempt to resolve specific concerns for
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creating an effective polymer nanocomposite; which include deaggregation, dispersion,
interfacial interaction, and alignment in specific instances.

Often it is vital to perform preprocessing of nanoparticles, specifically CNTs, to
properly prepare them for incorporation into the polymer. The preprocessing procedure
begins by purifying the CNTs to eliminate amorphous carbon, metal catalysts, and any
other unwanted by-products. This is commonly done through thermal annealing and acid
treatment. Purification is followed by deaggregation of the CNT bundles to enhance
dispersion in the matrix. Ultrasonication of the CNTs in a solution is most often used for
this purpose. The last step in the preprocessing procedure is chemical functionalization
of the CNT surface. This step is much more optional then the previous two steps, but it
has been shown to greatly enhance dispersion and interfacial interaction [31, 32].

Once the CNTs have been sufficiently prepared, processing of the nanocomposite
can begin. Melt processing is one very popular option. There are various melt
processing techniques, including injection molding, blow molding, and extrusion. These
techniques are beneficial because they are quick, relatively cheap, and absent of harsh
solvents and impurities; which makes them readily available in industry. One of the most
effective methods for disrupting and dispersing CNT bundles for melt processed
composites is high shear mixing, because it is a high energy method that is able to
overcome high melt viscosities while maintaining CNT integrity. High shear mixing not
only disperses CNTs, but it also may result in some partial alignment of the CNTs due to
the unidirectional forces being concentrated on the melt. Injection molding and spinning
extruded fibers have also been shown to effectively align CNTs in a polymer matrix [32,

33].
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In-situ polymerization is another processing option. This method does a good job
of assimilating the phases of the composite, as well as dispersing the nanofiller. The
curing behavior of a thermoset or ultraviolet-curable polymer with dispersed CNTs are
examples of this type of processing [32, 33].

The last processing technique that will be discussed is solution processing.
Solution processing is advantageous because the low viscosity solutions facilitate CNT
dispersion.  Solution casting and spin casting/coating are two common solution
processing techniques. Both techniques involve pouring a solution onto a substrate and
allowing the solvent to evaporate away from the bulk material. Alignment can also be
relatively controlled through this process by shearing the solution or stretching the
material post process. Another solution-based technique is electrostatic spinning. This
technique utilizes an electric potential between two points (solution extrusion point and
collecting point) to produce nanoscale composite fibers that will contain aligned CNTs

[32, 33].

Polymer Matrix

A specific matrix material for a composite is usually chosen because it is already
useful in one or more applications, but it may be deficient in specific qualities. If these
‘deficient qualities’ are improved upon and enabled, then the matrix function for those
applications could be greatly improved. By creating a composite, one attempts to
improve the material while still maintaining the existing, attractive attributes of the
matrix. Some of the most common matrix materials are thermoset and thermoplastic

polymers. Epoxies, polyesters, and phenolics are very common thermoset materials.
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Common thermoplastics include polyimides, polysulfones, and polyesters.
Thermoplastics are attractive because of their superior toughness, flexibility, and optical
properties. However, they often exhibit relatively poor thermal stability, electrical
conductivity, and mechanical strength. These are the areas where CNTs express their
potential as a nanoscale filler material.

The matrix has several important roles in a composite, which include maintaining
the desired filler spacing, transmitting loads between fiber layers, and reducing the
propensity for stress concentrations to be transmitted from damaged to healthy filler
material [34].

One highly regarded commercial polymer is PET. PET is a thermoplastic
polyester (Figure 8) with an extremely long and productive history. It is extensively used
for numerous applications, including as fibers, films, bottle moldings, and medical
supplies to name a few. Its thermal stability associated with a relatively high melting
temperature (261-264°C), strong wear and chemical resistance, and low permeability
makes it extremely attractive for all of these applications. However, these properties also
make it fairly difficult to work with by extending production time, and so it would be

advantageous to reduce this setback with respect to crystallization rate and behavior.
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Figure 8. Designated recycling nomenclature and chemical structure of PET.
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The procedure for synthesizing PET is referred to as a polyester condensation
reaction. PET is commonly produced from ethylene glycol (EG) (alcohol) and either
dimethyl terephthalate (DMT) (ester) or terephthalic acid (TPA) (Figure 9). The DMT
route is an older method that has predominantly been replaced by the TPA route for PET
production. Both processes produce bis-(2-hydroxyethyl)terephthalate (BHET) as an
intermediate product. BHET is then polymerized under heat and pressure to produce
PET. In the DMT route, transesterification occurs and the main by-product is methanol,
while the TPA route creates water. The water by-product is what makes the TPA route

favorable for large-scale manufacturing [35].
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Figure 9. Two separate PET synthesis primary reaction schemes.
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Electrical Conductivity

As mentioned, there is a huge market for conductive or electroactive polymers
[10], and there has been plenty of research done in this area, especially with respect to
polymer composites. However, when producing a polymer nanocomposite with
nanoscale conductive filler there are a few ‘keys’ to consider. First, the intrinsic
conductivity of the filler material is obviously important. The next two ‘keys’ are filler
concentration and geometry, and they work in conjunction to establish a percolation
network in the matrix [11]. A percolation network refers to a continuous pathway by
which electrons can flow throughout a matrix, which is found through interaction of the
filler material. The concentration at which a complete network and complete
conductivity has been established is commonly referred to as the ‘percolation threshold’,
and it is beneficial to reduce this value as much as possible (Figure 10). Overloading of
the filler material can lead to property deterioration. Also, minimizing the need for filler

material reduces additional weight to the composite as well as cost.

7
ST
N AN

| solated Partial Per colation

Figure 10. Diagram of a composite filler material percolation network.
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CNTs are tremendously attractive as nanoscale filler for these type of materials,
because they are able to significantly satisfy all three conditions. With aspect ratios
greater than 28,000,000 in the most extreme case [36], but typically between 1,000 —
10,000, the contact ability between nanotubes is extremely high at very low loadings.
This keeps down weight, cost, and the reduction of the inherent matrix properties that
may result from overloading.

Important to note is that SWNTs potentially offer a better advantage over
MWNTs for these materials for several reasons. SWNTs naturally form aligned ‘ropes’
made up of tens to hundreds of nanotubes resting side-by-side and held together by van
der Waals forces. These ropes form long three-dimensional conductive pathways that
tend to separate and recombine to cover a significant volume in a composite. Also, in
electronics it is important to be aware of charge build-up and discharge, because a large
discharge can result in damage to equipment. The charge build-up in a composite will
depend on the volume of non-conductive space between conductive particles, and the size
and geometry of SWNTs reduce these ‘voids’ much better than MWNTs. Last, MWNTs
are much more brittle than SWNTSs, making them more susceptible to breakage. A build-
up of carbon dust, especially in device fabricating clean rooms, from these shards must be
avoided as much as possible to prevent damage [11].

Another interesting aspect to briefly mention is the existence of intrinsically
conductive polymer materials. Common conducting polymers include polyanilines,
polythiophenes, polypyrroles, and polyacetylene. Due to similar temperature dependence,
it is believed that conducting polymers behave electrically like a semiconductor. The

electrical behavior of conductive polymers is directly related to the order and periodicity
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of the atoms, because only ordered molecules produce distinct electron bands. This order
depends on the molecular length and regularity of the structure. Conjugated polymers,
like polyacetylene, have high crystallinity and high conductivity. A conjugated polymer
has alternating single and double bonds between the carbon atoms in the polymer chain.
The electrons in the double bond (7 electrons) have a weak interaction and can be easily
disassociated, which allows for electron flow. For a conjugated polymer structure, if the
bonds all have equal lengths, then it results in a metallic band structure. However, the
bond lengths are never equal because of the alternation between single and double bonds.
This creates a band gap and semiconductor or insulator behavior. The size of the band
gap depends on the degree of alternating bond lengths. Often times there is broken
symmetry in the bond alternation and two single bonds may meet at a carbon atom. This
defect is called a soliton, and it produces a localized non-bonded electron and equal bond
lengths at this point. Both of these characteristics create natural conduction and flow.
Therefore, in order to improve conductivity, one must attempt to create consistent bond
lengths. Another method for improving conductivity is to dope the polymer, similar to
the doping of semiconductors. Dopants diffuse between chains and provide charge
transfer [37].

Though conducting polymers offer some interesting characteristics, there are
several general disadvantages, including poor processability, poor mechanical properties,
and poor environmental stability [38]. The processing is very adapted, expensive, and
chemically rigorous. The fact that they can not easily withstand excessive handling or

manipulation in common environments severely limits their applicability.
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Applications

The exceptional and unique properties of CNTs offer a great advantage for the
production of improved composites. These nanocomposites can offer extraordinary
benefits for an array of applications. Though electrical applications may be the primary
focus for the work presented in this report, there are a whole host of thermal, barrier, and
mechanical applications that are equally as prevalent and interesting. CNTs have been
shown to be a practical polymer reinforcement material by significantly enhancing the
toughness, tensile strength, and modulus of a polymer nanocomposite [31-33, 39-43].
These properties make polymer nanocomposites a very viable option for low weight
structural materials in various industries, including aerospace, sporting equipment,
automotive, and biomedical. At the same time, the extreme thermal stability and thermal
conductivity that CNTs have exhibited make nanocomposites equally as viable for many
thermal management applications, including as packaging and coatings [32, 43-47].

The electrical applications for these materials are abundant. The most
commonly mentioned functions involve electrostatic dissipation, antistatic, EMI
shielding, and electrostatic painting. Currently, Hyperion Catalysis International, Inc.
offer an assortment of commercial conductive polymer-CNT compounds for automotive
and electronic applications [48]. They have produced external body parts (e.g. fenders,
door handles) for electrostatic painting and fuel system components (e.g. fuel lines, filter
housing) that are electrostatically dissipative and reduce charge build-up. They also offer
silicon wafer handling devices (e.g. storage pods, wafer cassettes, tweezers), sockets for

testing integrated circuits, and computer disk drive components.
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Zyvex Corporation currently offers NanoSolve® Material in the form of additives
and concentrates [49]. It is commercially available CNTs or a CNT solution with a range
of available solvents that have been treated with a trademarked technology, Kentera™,
which non-covalently bonds the CNTs to the polymer matrix to improve dispersion and
interaction. They advertise custom CNTs or CNFs as an addition to numerous polymers
(e.g. epoxy resins, polyurethane) for applications ranging from golf clubs and adhesives
to body armor and electronic packaging.

Additional multi-scale and multi-system applications for CNT-polymer
nanocomposites include them being used as field-effect transistors, data storage devices,
supercapacitors, photovoltaic cells, electrochromic devices, field emission displays, and

electromechanical actuators [50].
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CHAPTER 3
LITERATURE REVIEW

Polymer nanocomposites with CNT filler have been around almost as long as
CNTs themselves, with Ajayan et al. publishing the first report on this topic in 1994 [51].
The interest in this area stems from the fact that polymers offer many desirable qualities,
such as toughness, space saving and low weight, good surface finish, flexibility, and low
cost. While these properties make polymers useful for electronic device applications,
increasing their electrical conductivity from that of an insulator to a semiconductor
widens their range even further. By utilizing the superior electrical properties of CNTs
[1-9], researchers have shown the great potential for polymer nanocomposites as

electroconductive polymers [52-66].
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Electrical Behavior

An issue that arises when attempting to compare the results of numerous
researchers is the experimental disparities that exist with respect to processing methods,
material choices, and characterization techniques. These variables play very important
roles in determining the final properties, and it is almost a requirement that no two reports
be exactly alike. Therefore, it is critical to realize that the important, overarching issue is
the general role, behavior, and cooperation between polymers and CNTs in the
development of improved material properties. It would simply be too ambiguous and
incomplete to only report on a consistent, variable-isolated sub-topic, like MWNT
composites or melt-processed epoxy resin composites.

The following reports convey the great effectiveness of CNTs to impart enhanced
electrical conductivity to a wide range of polymers. Ounaies et al. found a 10 orders of
magnitude increase in conductivity with an addition of 0.5 vol.% SWNT, and a
percolation threshold of 0.05 vol.% SWNT in a polyimide matrix [52]. Chang et al.
observed similar results for a polystyrene (PS)-SWNT nanocomposite, where they
showed annealing and sonication can improve dispersion and create a threshold of 0.3
wt.% SWNT [64]. Du et al. reported a percolation threshold of 0.39 wt.% SWNT in a
poly(methyl methacrylate) (PMMA) matrix [67].

There are other common filler materials that have been employed as a conductive
additive to a polymer matrix, such as carbon black and graphite [68, 69]. When
compared to these nanocomposite systems, the difference in polymer-CNT electrical
behavior is quite evident. Tang et al. reported a percolation threshold of almost 14 wt.%

for a polyethylene (PE)-carbon black composite [68].
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Numerous other studies on the electrical behavior of polymer-CNT composites

using a variety of polymer matrices have been reported, including PE [62, 63], epoxy

resins [59, 60, 70], PS [64, 65, 71], and polypropylene (PP) [58]. Table 2 displays a

much more comprehensive view of results from previous electrical studies of CNT

nanocomposites.
Table 2. Summary of experimental choices and electrical conductivity results for
polymer-CNT nanocomposites.

Polymer Filler CNlIri)Seosrsr;ﬁzsite I:Esgsliggl Reference
Polyimide SWNT laser ablation / in-situ 0.05 vol.% [52]
Polyimide ~ MWNT CVDb/l;EZngnical 2.2 vol.% 53]

PET MWNT n/a / precipitation 0.9 wt.% [54]
PET SWNT n/a / melt blending ~2.0 wt.% [55]
PMMA SWNT HiPco / coagulation 0.39 wt.% [56]
PP MWNT CVD / shear mixing 0.05 vol.% [57]

PP MWNT CVD / melt blending ~1.5wt.% [58]
Epoxy Resin ~ MWNT CVD / in-situ >0.017 vol.% [59]
Epoxy Resin SWNT arc-discharge / in-situ 0.074 wt.% [60]
Epoxy Resin ~ MWNT CVD / shear mixing 0.5 wt.% [61]
PE MWNT CVD / melt blending 7.5 wt.% [62]

PE SWNT n/a / solution adorption 4.0 wt.% [63]

PS SWNT n/a / solution casting 0.3 wt.% [64]

PS SWNT arc-discélj;rieg / freeze 15 wt.% [65]
PVA MWNT CVD / solution casting ~7.5 wt.% [66]
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Magnetic Manipulation

CNTs are naturally highly anisotropic because of their high aspect ratios and
strong carbon-carbon bonds parallel to the fiber axis. Therefore, common sense would
lead one to attempt to take advantage of this behavior by aligning the CNTs to maximize
their properties and effect in one direction in a polymer nanocomposite. Numerous
alignment techniques have been attempted, including fiber spinning with drawing [72]
and/or with a rotating collector [73], shearing [74, 75], plasma-enhanced deposition [76-
78], and electric field-induced alignment [79, 80]. Another technique that has gained
recent attention is magnetic alignment.

Relatively little research has been completed in the area of magnetically
processed polymer-CNT composites, especially thermoplastic composites [70, 81-83].
Kimura et al. showed an increase in electrical conductivity and dynamic modulus parallel
to aligned MWNTs when compared to the perpendicular direction in a polyester matrix
processed with a 10 Tesla magnetic field [81]. Two other studies which utilized a
thermoset epoxy resin are relevant to our study. Choi et al. presented similar results,
establishing a 35% decrease in electrical resistivity when an epoxy-SWNT composite
was processed with a 25 Tesla field [70]. Last, Camponeschi et al. interestingly reported
that CNT alignment was highly matrix dependent and observed enhancements in an array
of property areas for an epoxy-based aligned CNT nanocomposite [83]. All of these
results present a promising area of research that needs further scrutiny and
documentation. Based on information from the literature, it seems that matrix-filler
interaction and magnetic field strength are two of the most important variables when

attempting to align the CNTs.
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To enhance the magnetic susceptibility of CNTs within a polymer matrix, work
has been done to attach magnetic nanoparticles to the CNT surface [84, 85]. Correa-
Duarte et al. successfully attached iron oxide nanoparticles to CNTs using a polymer
wrapping technique and achieved excellent alignment at magnetic field strengths as low
as 0.2 Tesla [84]. Shi et al. attached nickel oxide and cobalt oxide nanoparticles to CNFs

and produced alignment in a PS matrix with a 3 Tesla applied magnetic field [85].
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PET Nanocomposites

Limited work has been seen in the area of PET-CNT nanocomposites [54, 55, 86-
89], with the majority of all PET related research focused on melt processed properties
and morphology. Hu et al. actually obtained electrical property results for a precipitated
PET-MWNT nanocomposite, showing an increase in conductivity of 8 orders of
magnitude and a percolation threshold of 0.9 wt.% MWNT [54]. Shin et al. observed
almost a five-fold improvement in the surface resistivity of in-situ polymerized PET-
MWNT samples when carboxyl functional groups were used to modify the MWNTs [89].
Anand et al. studied a wide range of properties and behaviors of melt processed and
molded PET-SWNT nanocomposites, including crystallization [87] and electrical
conductivity [55].

Thus far, no work has been seen in the area of solution cast PET-SWNT
nanocomposites, while other solution cast polymer-CNT systems have been studied [90-
92]. This lack of attention makes solution casting of particular interest. Also, solution
casting offers various advantages as a method for producing thin films, including less
need for a thermal stabilizer and larger production equipment (extruder), which reduces
processing costs. Solution casting is a factor in the roll-to-roll processing technique often
utilized for large-scale manufacturing of printable, flexible electronic devices, such as

circuits and solar cells [93, 94].
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CHAPTER 4

EXPERIMENTAL

Materials
PET flakes were purchased from Scientific Polymer Products, Inc. (Ontario, NY),
while HiPco processed SWNTs were acquired from Rice University. 1,1,1,3,3,3-
Hexafluoro-2-propanol (> 99%) (HFP) was purchased from Sigma-Aldrich Co. (St.Louis,

MO) to be used as a solvent for the PET polymer.

Nanocomposite Film Preparation

Randomly-oriented Films

Polymer and nanocomposite thin films (thickness, ¢ ~ 160 um) were created using
a simple solution blending and casting technique. For the nanocomposite samples (0.5
and 1.0 wt.% SWNT), SWNTs were dispersed in HFP with a Cole-Parmer 8892
ultrasonic bath (frequency, v = 42 kHz) for 4 hours to assure the dispersion of large
SWNT aggregations throughout the solvent. PET flakes (1:10 PET/HFP) were placed in
the HFP-SWNT solution over heat (~75 °C) and continuously mixed with a magnetic stir
bar until it appeared that the PET was dissolved in the solution. This was indicated by a
visual lack of flakes and an increase in solution viscosity. Solution casting was
completed by pouring the solution on top of a glass substrate under a fume hood. A

square-shaped polydimethylsiloxane (PDMS) barrier (height, 2 = 859 um) was used to
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contain and shape the solution and subsequent film. A doctor’s blade was used to level
the solution to the barrier height. One large film (area, 4 = 400 cm?) of each sample type
was produced. Once the solvent had evaporated and crystallization was completed, the
film was placed in a Curtin Matheson Scientific, Inc. Equatherm vacuum oven at
approximately 90 °C to assist in the removal of any residual solvent in the film. Figure
11 shows the processing flow chart, and Figure 12 shows a digital image of various PET

films which were solution cast with SWNT loadings of 0.0, 0.5, and 1.0 wt. %.

ULTRASONIC
DISPERSION

Figure 12. Digital image of solution cast PET films of varying SWNT loadings (a) 0.0
wt.% SWNT, (b) 0.5 wt.% SWNT, and (c) 1.0 wt.% SWNT.
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Magnetically Aligned Films

The aligned films were produced in the same manner as the unaligned films,
except after the PET-SWNT solutions were poured onto a glass substrate they were
subsequently placed in a large magnetic resonance imaging (MRI) scanner. Two separate
MRI scanners were used, each producing different magnetic field strengths (3 Tesla and
9.4 Tesla). A Siemens Magnetom Allegra was used to produce a 3 T magnetic field,
while a Bruker BioSpec® was also used and produced a 9.4 T magnetic field. The

magnetic field direction is parallel to the long axis of the core of the scanner (Figure 13).

MRI Scanner Cutaway MRI Scanner Gradient Magnets

Transceiver

Scanner

Patient ' Solution

Figure 13. Diagrams of a representative MRI scanner showing the arrangement of the
superconducting magnets and specimen placement. From “MRI: A Guided Tour” by K.E.
Coyne, 2006, www.magnet.fsu.edu. Copyright 2006 by the National High Magnetic Field
Laboratory. Reprinted with permission.

SWNT Characterization
Transmission Electron Microscopy (TEM)
TEM micrographs were acquired with a FEI Tecnai™ G* Spirit microscope.

Pristine SWNTs and PET-SWNT nanocomposite films were imaged using TEM.
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Prefabricated, Formvar® coated grids were used to help image the pristine SWNTs.
Each film type was microtomed prior to imaging, parallel and perpendicular to the largest
surface area plane. TEM was used to qualitatively characterize nanotube aspect ratio and

tube-to-tube interaction in the form of nanotube bundles.

Raman Spectroscopy

Raman spectroscopy was performed with a Renishaw inVia microRaman
microscope. It was used to characterize SWNT diameter and the effect of sonication on
nanotube integrity. Samples of SWNTs were sonicated in HFP for varying amounts of
time (0, 1, 2, 4, and 6 hours), then each respective Raman spectrum was quantitatively
analyzed with respect to the commonly accepted D-peak (‘disorder peak’) found around
1300 cm™ and the radial breathing mode between 100 to 400 cm™. Spectra were acquired
with 488 and 785 nm excitation wavelengths for the diameter study, but only 785 nm was
used for the sonication study. The power used was 1.25 mW for the diameter study and
0.5 mW for the sonication study. A 50x objective lens, 20 second accumulation time,

and 3 accumulations were used for all studies.

Crystallization Behavior Characterization
Instrumentation and Setup
Differential scanning calorimetry (DSC) was used to study the isothermal and
non-isothermal crystallization characteristics of the PET-SWNT nanocomposites. The
instrument employed was a TA Instruments DSC Q-100, with indium used for

temperature calibration (T, = 156.6°C, AH,, = 28.4 J/g). An empty pan was used as a
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reference. Five samples (5-10 mg) from each film type were placed in aluminum pan
bottoms and measurements were taken in a nitrogen environment. The tops of the DSC
pans were not used, because it was determined that small amounts of residual solvent
present in the samples would condense on the inside portion of the tops then drip back
into the molten sample over the course of the DSC experiment. By running the samples
in an open pan, the residual solvent was able to evaporate away from the sample without

affecting the crystallization process.

Non-isothermal Crystallization

Non-isothermal protocol consisted of heating a sample above the melting
temperature to 300°C, and then allowing it to stand at that temperature for 30 minutes to
erase any thermal history and remove residual solvent. Non-isothermal crystallization
measurements were then taken as a sample was cooled at a rate of 10°C/min to room
temperature. Analysis of variation (ANOVA) was performed to test the significance of

the results.

Isothermal Crystallization

Isothermal protocol began by heating a sample in the same manner as the non-
isothermal protocol and leaving it at 300°C for 30 minutes. The maximum cooling rate
allowed by the instrument (60°C/min) was then implemented to reach each crystallization
temperature quickly and to avoid as much premature crystallization as possible. Several
different crystallization temperatures were used (200, 205, 210, 215, 220, 225, and

230°C), and each was maintained for 10 minutes. Once again, ANOVA was completed.
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Magnetic Alignment Characterization

The primary mechanism for characterizing the alignment of the SWNTs within
the PET matrix was Raman spectroscopy. Raman spectra were obtained for the
magnetically aligned nanocomposite samples (0.5, 1.0, and 3.0 wt.% SWNT). The
tangential mode, or G-peaks (~1600 cm™), of these spectra were highlighted and
analyzed with respect to degree of SWNT orientation in the films. Each sample was
measured at several different angles with respect to the direction of the magnetic field,
with 0 degrees corresponding to a direction parallel to the magnetic field and 90 degrees
being perpendicular to the field. The experimental parameters include using a 785 nm
excitation wavelength, a power of 0.1 mW, a 50x objective lens, a 20 second
accumulation time, and 3 accumulations per direction per sample.

Also, TEM was used to gather a qualitative understanding of the SWNT
alignment. Each sample type was microtomed, and micrographs were acquired at various

magnifications.

Impedance Spectroscopy
The AC electrical impedance of the PET-SWNT nanocomposites was measured
with a Hewlett Packard 4284A Precision LCR Meter at room temperature.
Measurements were acquired across a frequency range of 20 Hz to 10° Hz. Each aligned
sample was measured parallel to the direction of the magnetic field that was placed upon

it during processing.
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CHAPTER 5

RESULTS AND DISCUSSION

SWNT Morphology

Determining the morphology of CNTs is vital for analyzing and correlating with
the results of property characterization. The SWNTs used in this study were acquired
from Rice University and produced with the HiPco process. TEM images of pristine
SWNTs clearly show a very high aspect ratio and strong tube-to-tube interaction,
resulting in much bundling of the nanotubes (Figure 14). The extremely small
dimensions and bundling of the SWNTs makes it very difficult to measure their size with
a high degree of certainty, due to the lack of good image resolution along the edges/walls

of the nanotubes.

Figure 14. TEM micrographs of pristine SWNTs showing (a) high aspect ratios, Inset.
Isolated SWNTSs with small dimensions (d ~ 1-4 nm), and (b) bundling.
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Another method for determining SWNT size that is often utilized is Raman
spectroscopy. The Raman spectrum of a SWNT is very unique, and it includes a radial
breathing mode (RBM) region between 100 and 400 cm™”. The RBM frequency is
specific to SWNTs, and it corresponds to in-phase radial vibrations of the atoms with
respect to the nanotube axis, which results in a monotonic, inverse relationship to
nanotube diameter. The RBM frequency (vrpm) correlates with individual tube diameter
(dswnr) through the following relation [95, 96]:

2235

SWNT

Figure 15 shows the Raman spectra of the SWNTs at two different excitation
wavelengths (488 nm and 785 nm), with some of the frequency peaks (vgsm) used for
analysis properly labeled (insets). Multiple laser excitations were used, because each can
selectively excite different nanotubes with specific diameters. This provides a larger
sample distribution. Based on (1), the range of SWNT diameters was determined to be
0.58 — 1.53 nm with the average SWNT diameter being 1.05 = 0.33 nm. This size
distribution agrees satisfactorily with previous reports of SWNT size produced with the

HiPco process [97, 98].
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Figure 15. Raman spectra of SWNTs with varying laser excitation wavelengths (488 and
785 nm). Insets. RBM regions with labeled frequency peaks.

Besides determining nanotube size, Raman spectroscopy is also very useful for
interpreting the integrity of the nanotubes. This is observed through another important
spectrum feature for SWNTs known as the D-peak (‘disorder peak’), centered around
1300 cm™. This feature is attributed to an increasing amount of defects or disorder
inducing artifacts, which can include amorphous carbon, holes, or impurities. It has been
reported that excessive sonication during dispersion, or sonication in a hostile solvent,

can result in chopping and an increase in defects in CNTs [99, 100]. This will produce an
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increase in the D-peak intensity. Damaging the SWNTs is unwanted because it will lead
to poor property enhancement in the nanocomposite film. Figure 16 shows the Raman

spectra of SWNTs sonicated for various amounts of time between 0 and 6 hours.
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Figure 16. Raman spectra of SWNTs sonicated for varying time periods (0-6 hours).
Inset. D-peaks of each spectrum between 1200 and 1400 cm.

The spectra show minute differences in the peak intensities of the D-peaks. Also, there
does not seem to be a correlation between sonication time and peak intensity. It can be
reasonably assumed then that any difference in intensity is due to sample to sample
variation, and it is not dependent upon sonication time. Therefore, integrity was not
compromised in any way by dispersing them in an ultrasonic bath for 4 hours during film

processing.
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Crystallization Behavior

The DSC experiments were performed on three samples of PET film, each with
varying concentrations of SWNTs. These included a neat PET film, void of SWNTs, and
two nanocomposite PET films with 0.5 and 1.0 wt.% SWNT. It is important to look at
the crystallization behavior of a polymer, because the crystallization helps determine the
physical state, and thus the final properties. The crystallization of PET has been studied
extensively [101-106]. Several studies have shown CNTs to affect the crystallization
behavior of PET, particularly when crystallized from the melt [87, 88].

Figure 17 shows the non-isothermal exotherms of each film type at a single
cooling rate (10°C/min). The crystallization induction temperature (T,), crystallization

peak temperature (T), and percent of crystallinity are reported in Table 3.

® 0.0 wt% SWNT
W 0.5 wt% SWNT
* 1.0 wt% SWNT

Heat Flow (W/g)
Exa Up—™*

150 160 170 180 190 200 210 220 230 240 250 260
Temperature (°C)

Figure 17. DSC scans of heat flow vs. temperature during non-isothermal crystallization
of various PET-SWNT composites at a cooling rate of 10 °C/min.
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Table 3. Non-isothermal crystallization parameters for PET and PET-SWNT composites
(n=5), and p-values (ANOVA) with respect to SWNT concentration.

Sample (wWt%) T, (°C) T (°C) Crystallinity (%)
0.0 203.2+ 1.0 188.7 + 1.3 26.0+ 1.0
0.5 217.2+0.6 209.3 £0.5 27.6 4 2.0
1.0 222.7+0.6 213.8+0.8 289412

Sig)’fgzlclzz)ce <0.0001 <0.0001 <0.0241

Based on these results, the addition of SWNTs significantly affected the non-
isothermal crystallization behavior by increasing the T, approximately 20°C with the
addition of 0.5 wt.% SWNT and 25°C by adding 1.0 wt.% SWNT. From these results, it
can be stated that the addition of very small amounts of SWNTs can lead to a very strong
nucleating effect. Also, as the SWNT concentration increases, the rate of crystallization
temperature change seems to decrease. This signifies a decrease in the nucleating
efficiency due to increasing saturation of nucleation sites. This may be directly related to
SWNT concentration alone, or it may also be dependent on dispersion and degree of
SWNT bundling. Smaller, well dispersed nucleating units will result in a higher number
of nucleating sites and earlier crystallization.

The previously mentioned effect, along with several other potential factors, may
be the causes for the relatively low crystallinity seen in the samples. Crystallinity is
easily determined from the melting exotherms (not shown) of DSC scans with the
following equation:

_AH,
AH §

Xc (2)
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Where AH; is the enthalpy of fusion of each sample, and AH'; is the enthalpy of fusion of
a 100% crystalline material. The increase in crystallization rate caused by a large number
of nucleating sites from many well dispersed SWNTs could have an adverse secondary
effect on the mobility of PET chains. The nano-confinement of the polymer chains
caused by the CNT interaction and dispersion can greatly inhibit chain mobility and
extended crystallite formation.

Also, the processing method is unfavorable for stress-induced molecular
orientation and crystallization. Solution casting, as opposed to solution spinning, roll-to-
roll processing, or melt processing, is very stress-free. The solution is not being forced
out of a spinneret, drawn onto a collector, or given a lot of thermal energy that would
allow for easier chain mobility. Another processing factor may be the quick evaporation
of the solvent. HFP has a relatively low boiling point (~58°C) and is almost completely
removed from the material in under one hour at room temperature. This quick gelation of
the solution would make it very difficult for the polymer chains to naturally orient
themselves into large crystallites.

Figure 18 shows isothermal crystallization exotherms of each sample for, at most,
seven crystallization temperatures. Only four crystallization temperatures are seen for the
0.0 wt% SWNT sample, because the crystallization times of the highest crystallization
temperatures (220 — 230°C) exceeded the maximum allotted time (10 min.) allowed for

the experiment. Exact values can be found in Table 4.
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Figure 18. DSC scans of heat flow vs. time during isothermal crystallization of various
PET-SWNT composites at different crystallization temperatures.
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Table 4. Average values for isothermal crystallization times (min.) of PET-SWNT films
(n=5), and p-value (ANOVA) for each crystallization temperature with respect to SWNT
concentration.

Sample 55000 2050C  210°C  215°C  220°C  225°C  230°C
(Wt%)
0.0 23+ 3.2+ 4.6 £ 6.8 +
: 0.2 0.2 0.3 0.4
05 0.4+ 0.6 + 0.8 + 12+ 2.0+ 35+ 6.5 +
: 0.0 0.0 0.0 0.1 0.1 0.2 0.3
1.0 03+ 04+ 0.5+ 0.7+ 1.2+ 2.0+ 3.8+
: 0.0 0.0 0.0 0.0 0.1 0.1 0.3
Significance o 0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 < 0.0001
(p-value)

These isothermal crystallization results show a significant SWNT effect on the
crystallization time at concurrent crystallization temperatures. At 200° C, the
crystallization time was reduced by 81% by adding 0.5 wt.% SWNTs and 87% with the
addition of 1.0 wt.% SWNT. Once again, the increase in crystallization occurs at the
same time a decrease in rate of change with increasing SWNT loading occurs. This
further supports the notion that SWNTs greatly increase the crystallization rate of the
PET films. At the same time, a SWNT saturation limit is approached, and the SWNT will
cease supporting nucleation and growth and begin to have a negative consequence.

The significantly large increase in crystallization rate with relatively low SWNT
loading is very promising and beneficial for commercial applications where fast
production cycle times are required. However, applications requiring specific properties
and/or highly crystalline products may need to follow a different processing method,
possibly melt or high stress solution processing. Roll-to-roll processing could help in this

regard. A solvent-polymer system with slower gelation may also be a solution.
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Magnetic Alignment

Due to their magnetic susceptibility [23-29], it should be possible to place
SWNTs in a magnetic field and align them in a common orientation parallel to the field
direction. The variables that must be accounted for in this endeavor are the effects of the
polymer matrix and tube-to-tube interactions. Raman spectroscopy is once again a vital
tool when attempting to characterize the degree of alignment of SWNTs in a polymer
matrix. Another Raman feature of SWNTSs can be found around 1600 cm™. This peak is
commonly referred to as the tangential mode (TM), or G-peak, and is due to elongations
of the carbon-carbon bonds along the longitudinal axis of the CNT. Therefore, if the
CNTs are aligned, there should be an increase in the G-peak intensity when they are

parallel to the polarized laser excitation plane (Figure 19).

LASER

> 90°

Figure 19. Diagrams showing unaligned/aligned CNT response to an excitation laser and
sample orientation notation relative to an applied magnetic field during processing.

52



Figure 20 presents the G-peaks of a representative example of an unaligned film.
Each peak is identical and independent of the measurement angle, which illustrates the
isotropic nature of the CNTs within the nanocomposite. Figure 21 shows the G-peak
intensities for 0.5, 1.0, and 3.0 wt.% SWNT samples processed under a 3 Tesla (top of
Figure 20) and 9.4 Tesla (bottom of Figure 20) magnetic field at varying orientation
angles [0 degrees is parallel to the magnetic field and 90 degrees is perpendicular to the
magnetic field (Figure 19)]. An additional, higher SWNT concentration sample (3.0
wt.% SWNT) was prepared in order to gain a better understanding of the effect that

SWNT concentration has on orientation.

—=— 0 degrees

—e— 30 degrees
60 degrees

—w»— 90 degrees

Intensity (a.u.)

T T T T T T T T T T T T T T 1
1550 1560 1570 1580 1590 1600 1610 1620

Raman Shift (cm™)

Figure 20. G-peak spectra of an unaligned PET-SWNT nanocomposite film showing the
independence of the measurement angle relative to the orientation of the SWNTs.
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parallel) of Raman spectra for samples with varying SWNT loadings and magnetic field
processing parameters.
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The spectra present some very interesting results about the effect of magnetic
field strength and SWNT concentration on orientation. Both seem to play a very
important role in completing SWNT alignment. An ideal case (perfect alignment along
the direction of the magnetic field for 100% of the SWNTs) would produce a Raman
spectrum with an incredibly great G-peak intensity parallel to the magnetic field (0
degrees), and extremely minute to almost flat (no intensity) peaks for every other
orientation.

The G-peak intensity results of this study present incomplete alignment for all
three SWNT concentrations processed with a 3 Tesla magnetic field, with the primary
orientation being approximately 30° off-parallel. Also, the peak spacing between each
orientation (0° - 90°) give a good visual representation of the anisotropy of the SWNTs in
the PET matrix. As the SWNT concentration increases, there is a decrease in the peak
spacing which corresponds to a more isotropic behavior. This is most likely caused by
increasing restrictions on SWNT mobility due to an increase in solution viscosity and
nanotube bundling/interactions. Alignment with a much stronger magnetic field (9.4
Tesla) supports this idea. Important to note is that a 9.4 Tesla magnetic field is able to
overcome the obstacles that inhibited complete alignment at a low SWNT concentration
(0.5 wt.%), while the more isotropic behavior at higher concentrations is less prominent.
The peak spacing is further apart for the 9.4 Tesla processed samples as compared to their
3 Tesla counterparts, which means the higher field strength is able to produce more
aligned samples at higher SWNT concentrations. This behavior can be visually
interpreted through digital TEM micrographs showing the extent of SWNT alignment as

a function of magnetic field strength (Figure 22).
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3.0 SWNT wt.%, 3.0 Tesla 3.0 SWNT wt.%, 9.4 Teda

Figure 22. TEM micrographs showing the effect of magnetic field strength at a constant
SWNT loading (3.0 wt.%).

The micrographs present a qualitative measurement of the effect of magnetic field
strength on SWNT alignment within a PET matrix. The 3.0 wt.% SWNT sample
processed at 3 Tesla shows slight, generalized alignment of the SWNTs while a large
quantity of the nanotubes are unextended. Due to the manner in which many of the
SWNTs in the micrograph appear bent but directed towards the direction of the magnetic
field, it would seem to indicate that the SWNTs were in the process of aligning to the
field but were not able to completely extend before gelation. The resistive forces were
too great for a weaker magnetic field to completely overcome them in the allotted
processing time. This also implies that an adjusted solution-based sample preparation
process with a slower gelation (slower solvent evaporation) may yield aligned SWNTs
with only a 3 Tesla magnetic field. A stronger magnetic field was able to induce the

SWNTs to extend and align in a much shorter amount of time.
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Therefore, it appears that magnetic alignment is possible and can partially occur
under magnetic field strengths as low as 3 Tesla, with the SWNT concentration and
magnetic field strength playing important roles in determining the degree of orientation.
Though a 3 Tesla magnetic field was not able to achieve complete alignment, even at low
SWNT loadings, the samples processed at this parameter may still prove to be a very
effective conductive material. It has been reported that complete alignment may not be
ideal for enhancing conductivity, due to an increase in void space between nanotubes [56,
107]. Straight lines of SWNTs do not agree with the model of an interconnecting
network that produces percolation. Improving SWNT behavior by taking advantage of
their anisotropic nature while reducing void space and nanotube-to-nanotube distance
with only slight alignment (30° off-parallel) could potentially produce the best

electrically conductive behavior [74, 108].

57



Impedance Spectroscopy

Impedance spectroscopy is a compelling method for characterizing many of the
electrical properties of materials and their interfaces. It may be used to investigate the
dynamics of electron charge flow in the bulk or interfacial regions of various kinds of
solid composites [i.e. ionic, semi-conducting, and even insulators (dielectrics)]. In this
study, an electrical stimulus is applied to a polycrystalline material (PET) and the
response is observed with a HP 4284A Precision LCR Meter at room temperature. It is
assumed that the properties of the material system are time-invariant. The purpose of
impedance spectroscopy is to determine the electrical response, property interrelations,
and the dependence of the properties on such controllable variables as applied voltage
and filler concentration for composite systems.

A large number of processes take place throughout a nanocomposite when it is
electrically stimulated, which will have a strong effect upon the overall electrical
response. They include the transport of electrons through the CNT conductors, across
CNT-polymer interfaces, and between grain boundaries. Impedance (Z) is analogous to
resistance, and it is a measurement of a systems total opposition to alternating current
(AC) flow caused by these various transport circumstances. It is an extension of
resistance by including capacitive and inductive components to the system, and it

modifies Ohm’s Law in the following manner:

_r
== 3)
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Current (I) is now proportional to voltage (V) divided by impedance. Current and
voltage are still in units of amperes and volts, respectively, while impedance is measured
in ohms.

The LCR meter used for impedance spectroscopy obtains profiles of the AC
complex impedance (Z*) as a function of frequency. From these measurements the
complex admittance (Y* = 1/Z*) can be determined and modeled as a parallel resistor (R)
and capacitor (C). It can be written as a function of frequency () and takes the

following form:

Y*(a)):Y’+jY”—%+ja)C 4)

The specific AC conductivity of the PET-SWNT nanocomposites as a function of

frequency [o(w)] is calculated from the complex admittance:

(@) =|y * (a))|i (5)

The other parameters, ¢ and A, are the thickness and cross-sectional area, respectively, of

the tested sample.

Results
Figure 23 shows the AC conductivity plots for the various PET-SWNT
nanocomposites. The plots include randomly-oriented and aligned sample types at 3

Tesla and 9.4 Tesla magnetic field strengths.
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Figure 23. Log-log plot of the AC conductivity as a function of frequency for various
nanocomposite samples.

The linear, frequency-dependent nature of the lower SWNT loading (0.5 and 1.0
wt.%) samples indicates dielectric behavior through an increase in the capacitive
component of the impedance. By increasing the SWNT concentration to 3.0 wt.% more
frequency-independent behavior is observed at relatively low frequency ranges (~20-
2000 Hz), which is characteristic of a non-dielectric material. The non-dielectric range
increases as the anisotropy of the SWNTs within the matrix increases, which suggests the

magnetic field has an effect on the electrical behavior. To further understand the
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electrical behavior of the nanocomposite samples, Figure 24 shows the conductivities at

60 Hz as a function of SWNT mass fraction and dependent upon magnetic field strength.
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Figure 24. Log(AC conductivity) as a function of SWNT mass fraction showing
dependence on magnetic field strength, and the relative applications based on the values.

By plotting conductivity as a function of SWNT concentration, the relative
percolation threshold of each sample type can be estimated. Based on the conductivity of
pure PET material, the addition of 0.5 and 1.0 wt.% SWNTSs approximately produced a 7
order of magnitude increase, while the addition of 3.0 wt.% SWNTs in a 3 and 9.4 Tesla

magnetic field produced an 8 and 9 order of magnitude increase, respectively. Therefore,
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it can be safely assumed that the percolation threshold is approximately 0.5 wt.% SWNT.
This value agrees satisfactorily with previous values observed in other polymer-CNT
nanocomposite studies [54-56, 58, 61, 64, 65].

Also shown in Figure 23 are the relative applications for these materials based on
their conductive behaviors. It is noticeable that at 0.5 wt.% SWNT, the conductivity of
the samples exceeds the antistatic and electrostatic dissipation conditions, but EMI
shielding (~10* S/cm) would not be possible. Meeting the standards of the targeted

applications is a very important goal of this work.

Analysis

Analyzing the electrical measurements can improve the understanding of the
relationship between processing, morphology, and properties of the nanocomposite
material. The electrical properties are dependent upon the SWNT configuration within
the PET matrix, which in turn is dependent upon the processing parameters. From the
results, it is observed that when SWNT concentration reaches 3.0 wt.% there is an
increase in electrical conductivity and non-dielectric behavior. The simple explanation to
describe this behavior is to associate it with the increase in filler concentration and
conclude that more filler material produces a more extensive electron flow network.
However, a similar increase is not observed when the SWNT concentration reaches 0.5
and 1.0 wt.% for the unaligned or aligned samples, and so there must be supplementary
details that require rationalization. Also, the explanation can not be directly connected to
the creation of a percolation network at 3.0 wt.%, because as previously stated, a

percolation threshold was achieved at no more than 0.5 wt.%.
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To begin to form a conclusion about the electrical behavior, the frequency-
dependent relationship of the samples must be interpreted (Figure 23). Frequency-
dependence and dielectric behavior, such as that observed at 0.5 and 1.0 wt.%, is directly
related to large gap distances between conductive particles within a matrix. Therefore, it
implies that in the 0.5 and 1.0 wt.% samples the SWNTSs flowed into aggregated domains
during processing, increasing the distance between conductive particles, and resulting in
relatively poor dispersion. This attraction between the SWNTs occurs because of van der
Waals forces between the nanotubes [14, 15]. Though the electron flow may build up in
the void space between the SWNT domains, within the insulating matrix material, the
gap distances between domains are still not so great as to isolate the particles and
completely retard any conductance. Current at very low frequencies (less than 20 Hz) is
able to tunnel across the matrix and create a partial percolation network. Percolation is
ideal, and conductivity is maximized, when physical contact exists between the CNTs,
but it is not absolutely necessary to allow current to flow across a device [109].

When the SWNT concentration is 3.0 wt.% and manipulated with a magnetic field,
there is a dramatic change in the electrical behavior at low frequencies. As mentioned,
the change can not be attributed solely to filler concentration. This suggests that the
magnetic fields must be invoking an effect. If the SWNTSs have a tendency to aggregate,
then something must be inhibiting this aggregation to some extent in the aligned 3.0 wt.%
samples, because they display a frequency-independent, non-dielectric region at low
frequencies (Figure 23). This behavior is more prominent (wider non-dielectric range,
greater conductivity) for the 9.4 Tesla processed sample than for the 3 Tesla processed

sample. The increased conductivity and non-dielectric range in the 9.4 Tesla sample
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suggests that the sample has better dispersion. A more dispersed sample possesses
smaller gaps between conductive particles, which means more electrons can easily ‘hop’
between particles and flow across a device.

How is this improved dispersion and greater electrical conductivity at higher
concentrations of the aligned samples explained? It can not be solely due to improved
alignment, because it has been concluded in a previous section that ideal alignment
occurs at a low filler concentration and a high magnetic field strength. According to the
Raman spectra (Figure 21), the 3.0 wt.% sample processed at 3 Tesla is basically
isotropic with respect to the SWNTs. The 9.4 Tesla processed sample has slightly better
alignment according to the respective spectra. Also, there is a almost no difference in the
electrical behavior between the aligned SWNTSs processed at each magnetic field strength
of the 0.5 and 1.0 wt.% samples. If the improved results had a direct correlation with
alignment, then the same improvement observed at 3.0 wt.% should be observed at lower
concentrations, especially since there is much greater disparity in the degree of alignment
when comparing the effect of field strength at lower concentrations.

Therefore, if the explanation can not be attributed to concentration or alignment
alone, then the answer may be a combination of these effects. The ability to flow into
aggregated domains appears to be a problem for samples with lower concentration (0.5
and 1.0 wt.%), because there is plenty of void space between SWNTs, so as not to
significantly inhibit their motion. This same effect was observed and discussed in the G-
peak analysis of the Raman spectra to describe the alignment behavior. This may also
help to explain the dispersion and conductivity improvement shown in the 3.0 wt.%

samples. As shown in Figure 21, the SWNTs were not able to overcome the resistive
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forces that arise with increased tube-to-tube interaction and solution viscosity, and thus
align themselves within the matrix. If this interaction can inhibit motion in one plane,
then why can it not have the same effect in all others? The 3.0 wt.% SWNT samples
appear to exceed a ‘density threshold’, where the tendency to flow into aggregated
domains is counteracted by the lack of void space and freedom to do so. Therefore, the
SWNTs, for the most part, are forced to remain in a semi-dispersed state, which creates a
better network and improved conductivity.

At the same time, the magnetic field is also producing a beneficial effect to the
material. The 3.0 wt.% sample processed at 3 Tesla is essentially isotropic, and so the
electrical improvement observed for this sample can be considered almost identical to the
improvement that would be expected from a 3.0 wt.% sample not processed with an
applied magnetic field. However, a 9.4 Tesla field is strong enough to invoke an effect,
which could be explained with either of the following scenarios, or a combination of the
two:

1. The magnetization, and force upon the nanotube, that a SWNT experiences
from an applied magnetic field reduces the effect of the van der Waals forces that attract
the SWNTs to each other. Thus, even though there is very little motion due to
overcrowding of the SWNTSs, any motion that does occur is halted and reduced further.
This results in a more dispersed sample, and the increase in the non-dielectric range and
conductivity observed in the results (Figures 23 and 24). A good method for testing this
theory would be to process a low concentrated sample (~0.5 wt.% SWNT) while in the

presence of a very high magnetic field strength (~20 Tesla) and measure the dispersion.
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2. The slight improvement in alignment observed in Figure 21, when comparing
the 3.0 wt.% sample processed at 3 Tesla to the 9.4 Tesla sample, creates a better and
more anisotropic network, which improves electrical behavior. This same effect is not
observed at lower concentrations (despite greater alignment), because the distance
between the conductive particles is too great. Most likely, the effect of the magnetic
fields is a combination of this scenario with the first scenario.

Overall, it appears that the most important contributing factors to electrical
conductivity in a nanocomposite are filler concentration and dispersion. Alignment
appears to impart a secondary consequence, as long as a ‘density threshold’ has been
reached. An interesting finding seems to be that a strong enough magnetic field may
improve dispersion by imparting axial motion, and thus inhibiting lateral motion. This
could prove to be a very important attribute to consider for future nanocomposite
manufacturing.

Dispersion has long been a key issue for creating effective nanocomposites with
CNTs, because they have a high tendency to attract each other and aggregate, especially
SWNTs [14, 15]. It has been shown that dispersion can be improved through modifying
CNTs by adding functional groups to the ends and sides, which allows them to interact
much more strongly with the surrounding matrix [31, 33, 75, 110-112]. However,
modification also decreases the conductivity of individual CNTs by disrupting electron
flow and reducing charge carriers along the axis [113-115]. This decrease in conductivity
was offset by the notion that improved dispersion and percolation achieves an overall

beneficial effect [109, 116]. It appears that at higher concentrations, and strong enough
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magnetic fields, this issue may be easily resolved. Developing a method to achieve good
dispersion of unmodified SWNTs in a polymer could produce unprecedented properties.

There are many questions that still remain. If a magnetic field can reduce
aggregation, then how strong of a magnetic field would be required to achieve sufficient
dispersion in a lower concentration sample where there is plenty of void space to allow
SWNT motion? Would the utilization of such a magnetic field be more cost effective
than modification through functionalization of the SWNTs? If not, could the property
enhancement achieved by utilizing unmodified SWNTs be so great as to justify any
additional cost?

Finally, even though there was less than perfect dispersion of the SWNTs,
specifically at lower concentrations (0.5 and 1.0 wt.%), their inherent conductivity still
managed to produce an electrically conductive nanocomposite film by solution casting.
These electroconductive nanocomposites proved to be effective enough to fulfill

requirements for antistatic and electrostatic dissipation applications.
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CHAPTER 6
CONCLUSIONS

Solution casting was effectively employed to produce PET-SWNT nanocomposite
films. SWNT morphology was investigated by Raman spectroscopy and TEM, and it
was determined that the processing method did not negatively affect SWNT integrity.
The crystallization behavior of the films was examined by DSC, and the SWNTs act as
very effective nucleating agents that significantly enhance crystallization time and
temperature. This has useful applications for large-scale manufacturing. Magnetic fields
were employed to produce SWNT alignment within the PET matrix. Raman
spectroscopy was used to measure the effectiveness of the magnetic fields, and it was
determined that the field strength and filler concentration play the most important roles in
determining the degree of alignment. Low concentration and high magnetic field
strength produce the most highly aligned samples. The electrical properties of unaligned
and aligned film samples were investigated by impedance spectroscopy, and it was
shown that sufficient conductivity for antistatic and electrostatic dissipation purposes can
be achieved at concentrations as low as 0.5 wt.% SWNT. It was also concluded that
dispersion and filler concentration have the greatest effect upon electrical conductivity,
and alignment plays a secondary role. However, it was determined that it may be
possible to use a magnetic field to improve dispersion, or at least produce a more
anisotropic network. This could have important implications in future applications, and it

may prove to be a novel method for achieving good dispersion of unmodified SWNTs.
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