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ABSTRACT

We have developed a non-invasive technique utilizing polarized Raman spectroscopy to
measure changes in carbon nanotube (CNT) alignment in situ and in real time in a polymer
matrix. With this technique, we have confirmed the prediction of faster alignment for CNTs in
higher electric fields. Real-time polarized Raman spectroscopy also allows us to demonstrate the
loss of CNT alignment that occurs after the electric field is removed, which reveals the need for
fast polymerization steps or the continued application of the aligning force during polymerization
to lock in CNT alignment.

Through a study on the effect of polymer viscosity on the rate of CNT alignment, we
have determined that shear viscosity serves as the controlling mechanism for CNT rotation. This
finding matches literature modeling of rigid rod mobility in a polymer melt and demonstrates
that the rotational mobility of CNTs can be explained by a continuum model even though the
diameters of single-walled CNTs are ~1-2 nm. The viscosity dependence indicates that the
manipulation of temperature (and indirectly viscosity) will have a direct effect on the rate of
CNT alignment, which could prove useful in expediting the manufacturing of CNT-reinforced
composites cured at elevated temperatures.

Using real-time polarized Raman spectroscopy, we also demonstrate that electric fields of
various strengths lead not only to different speeds of CNT rotation but also to different degrees
of alignment. We hypothesize that this difference in achievable alignment results from discrete
populations of nanotubes based on their length. The results are then explained by balancing the
alignment energy for a given electric field strength with the randomizing thermal energy of the
system. By studying the alignment dynamics of different CNT length distributions, we show that
different degrees of alignment achieved as a function of the applied electric field strength are
directly related to the square of the nanotube length. This finding matches an electrostatic

potential energy model for CNT rotation.
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Lastly, we investigate the effects of conductive carbon fibers on electrostatically induced
alignment of CNTs within carbon fiber composites. The relative electric field strength
throughout the composite is modeled using COMSOL Multiphysics. We show the ability to
generate enhanced electric field gradients within the gaps between carbon fibers for various fiber
orientations. Using polarized Raman spectroscopy, increased levels of CNT alignment are
observed between carbon fiber tows, which is consistent with the modeled higher electric field
strengths in these regions. These findings could potentially lead to the development of carbon
fiber composites with CNT additions that selectively enhance the composite properties outside

the carbon fiber interphase in the neat epoxy.
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CHAPTER 1
MOTIVATION AND BACKGROUND

1.1 CNT Composite Property Variability

High-strength, low-weight composites continue to attract attention from a variety of
industries that seek ever stronger and lighter products. Carbon fiber-reinforced polymer
composites are an excellent alternative to traditional materials in this regard but often at
increased cost [1,2]. A promising approach to improving the mechanical properties while
limiting an increase in cost is the addition of nanoparticulate material to polymer composites.
Due to the large theoretically predicted [3] and experimentally determined [4,5] elastic moduli of
carbon nanotubes (CNTs), their incorporation into composite materials offers the potential for
developing strong, lightweight alternatives to traditional materials. For example, small additions
(< 1 wt%) of CNTs strongly affect the base mechanical properties of neat polymers [6-9].
Nevertheless, experimental results from different reports display a high degree of variability with
respect to property enhancement [10], and this extends to systems of equivalent nanoparticle
loading of CNTs produced by the same growth method. This variability is one factor limiting
the applications of this material.

A variety of processing factors could conceivably contribute to the reported variability of
CNT composite properties (Figure 1.1). Nanoparticle dispersion is one factor. Several studies
have shown that the state of CNT dispersion will affect the resultant mechanical, electrical, and
thermal properties of the composite [11,12]. The inhomogeneity of a poorly dispersed
nanocomposite can adversely affect composite properties by forming stress concentration points
[13], voids in the composite that form from the slippage of CNTs in micro-agglomerates [11],
and by reducing the surface-area-to-volume ratio of the nanoparticle reinforcement. The high
surface-area-to-volume ratio of well dispersed CNTs maximizes the total interfacial area. This is
important to the resultant composite properties because the interface controls the load transfer

from the matrix to the reinforcement.
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Figure 1.1 — Potential sources of composite property variability resulting from a) CNT dispersion, b) load transfer
(CNT-matrix debonding and CNT fracture) ¢) CNT damage (length shortening from sonication) d) and CNT
alignment.

The load transfer in composites is commonly analyzed by a shear lag model and
extrapolated to macroscopic properties by a concentric cylinder model (CCM). Originally used
for fiber composites, these models can also be applied to CNTs [14—17]. In shear lag, the stress
is transferred from the matrix to a nanotube through a shear force at the interface. CCM depicts
the matrix surrounding the nanotube as an interfacial zone (or interphase). The properties in the
interphase are superior to the non-interacting polymer chains falling outside this zone [12] due to
a decrease in polymer chain mobility [18,19]. The size of this interfacial region varies
depending on the compatibility of the reinforcement with the matrix but may extend up to
several hundred nanometers [20]. Ideally, CNTs are dispersed uniformly throughout the matrix
at a concentration in which the CNT-polymer interfaces do not overlap but also in which none of
the matrix exists outside this interfacial zone. In practical (and cost effective) terms, the

elimination of overlap is achieved by reducing the CNT loading.



The load transfer at the CNT-polymer interface can also be altered by surface
modification of CNTs. One example of this is through a process of polymer wrapping. Polymer
wrapping typically uses amphiphilic molecules that adsorb onto the CNT surface, prevent
flocculation of the nanotubes, and can increase the bonding between the CNTs and the matrix
[21]. Although beneficial to the CNT-matrix interface, the adsorption of these molecules leads
to insulating coatings that can adversely affect the composite electrical properties [22].

Another route for surface modification of CNTs is functionalizing the nanotube surface.
Functionalization of CNTs can increase the bonding between the CNTs and the matrix and
decrease the affinity between nanotubes, which prevents the reaggregation of CNTs and can lead
to better dispersions. This results in increased load transfer between the polymer matrix and the
nanoparticle reinforcement and can result in superior composite mechanical properties [23].
However, functionalization can damage the inherent strength of a CNT [24-26] as well as its
intrinsic electronic structure [12,27,28] by disrupting the graphitic sp” carbon lattice of the CNT
sidewalls. In fact, it has been demonstrated that as few as one to two vacancies in the CNT
sidewall can reduce the observed failure stress of a nanotube up to ~26% [29].

The damage to the intrinsic structure of a CNT caused by surface modifications and other
processing steps is an often-overlooked consequence in manufacturing composites. Dispersion
processes such as extensive sonication have been shown to damage CNTs [30]. The average
CNT length shortens with increasing sonication energy through a scission process (see Chapter
4). The length (aspect ratio) dependence of mechanical properties for fibers is well documented
through the shear lag model. This dependence extends to CNTs where it has been shown that
longer nanotubes result in superior properties [31-33]. As described by the shear lag model, the
particle aspect ratio is important for the interfacial strength between the matrix and a CNT [34].
The strength of the interface determines the type of failure [17]; CNTs below a critical length
lead to fiber pullout from interfacial debonding, and CNTs above this critical length will fracture.

Another potential source of variability in the mechanical properties of CNT-reinforced
polymer composites may originate from the degree of nanotube alignment. Single-walled CNTs
exhibit a large anisotropy in the longitudinal (typically hundreds of nanometers up to several
centimeters) as compared to the radial direction (on the order of a few nanometers). As a result,
the increase in properties of the composite occurs predominantly in the direction of the CNT

longitudinal axis [35-37]. In systems without an external aligning force, a randomized CNT



direction is entropically favorable, and the increase in mechanical properties is diluted over all
angles. In aligned specimens, every nanoparticle can contribute to the mechanical properties in
the alignment direction. Layered polymer composites—in which thin, in-plane aligned layers
can be stacked to macroscopic thicknesses—can therefore possess much greater strength and
stiffness in one or two dimensions than their bulk, unaligned counterparts [38,39].

To create cost-effective, robust nanocomposites for load-bearing applications, an
optimization of these factors is required at low nanoparticle loadings. This thesis focuses on the
alignment process for CNTs and attempts to delineate the factors that control the degree and

speed of CNT alignment within a polymer.

1.2 Methods for Effecting CNT Alignment in Polymers

The reorientation of CNTs in a polymer matrix can be induced by a number of methods
including shear flow [40—48], magnetic fields [49-55], and electric fields [S56—63]. The
alignment of CNTs in a polymer by mechanical shearing methods has been demonstrated by the
mechanical stretching of ductile thermoplastic films [40—43,48], melt spinning of CNT-polymer
fibers [44,45], microtoming a CNT-resin composite into thin slices (thickness <200 nm) [46],
and inducing shear flow with a doktor blade [47]. The alignment of CNTs in polymer films,
resins, and fibers via mechanical shear offers a wide range of uses in manufacturing. However,
due to the rotational diffusivity of the particles, CNTs will unalign if the alignment force is not
maintained as the composite structure sets [62]; this occurs during polymerization for a
thermoset and cooling below the glass transition temperature (7;) for a thermoplastic melt. For
resins requiring thermal cures, this phenomenon represents a limitation for mechanical shear
alignment methods such as extrusion.

The use of magnetic fields is another method that has been successfully employed to
induce CNT alignment in a polymer. When placed in a magnetic field, CNTs will reorient into
the magnetic field direction. This is due to the high anisotropy in their magnetic susceptibility
[49]. Although alignment via magnetic fields has been demonstrated, it has proven impractical
for pristine nanotubes due to their low magnetic susceptibility [64,65] and usually requires
magnetic fields of ~10 T. Affixing ferromagnetic particles to the surface of CNTs has resulted in
nanotube alignment at lower magnetic field strengths [53], but this method involves additional

processing steps that can alter the nanotube surface and affect the interface with the matrix.
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Figure 1.2 — Response of CNTs to an applied electric field. Starting from a) a dispersed and randomly oriented
state, CNTs in an AC electric field will b) rotate to become parallel to the electric field direction and c) translate to
create conductive networks. d) In a DC electric field, CNTs will then migrate toward the electrodes.

Electric fields have proven effective in aligning CNTs in both AC [56—62] and DC
[60,61,63] and have the advantage of being applied continuously during a curing process. The
response of a CNT to an applied electric field can be characterized by three concurrent events
[66]: alignment, translation, and migration (shown in Figure 1.2). Alignment describes the
orienting of a CNT with its long axis parallel to the electric field direction. This is due to the
highly anisotropic electric polarizability of CNTs [61]. In response to an applied electric field, a
shift in charge occurs on the tube surface that results in the formation of a dipole at the CNT
ends. The electric field then induces a torque that forces the CNT to align parallel to the electric

field direction [61,67]. For a CNT to reorient in response to an electric field, the alignment



energy (Ug) must exceed the thermal energy of the system (Ug > 2kT) [68—72]. This is
validated by the observation of a minimum electric field strength for detectable alignment of
both multi-walled (46.5 V/cm) [73] and single-walled CNTs (150-163 V/cm) [56,62].

As CNT alignment occurs in the applied electric field direction, Coulombic interaction
between the nanotubes leads to simultaneous translation [66]. Translation describes the
attraction of CNTs in a head-to-tail fashion to create dynamic percolation paths that bridge the
electrodes. This process is commonly referred to as CNT networking, which creates conductive
CNT filaments bridging an otherwise insulating matrix and has been observed at concentrations
as low as 0.002 wt% [74]. The third phenomenon observed for CNTs in an applied electric field
is migration, which is limited to DC fields. Migration describes the movement of CNTs to one
or both electrodes depending on the overall charge of the tube. Due to the electrostatic forces
and relative distances involved, alignment and translation have been predicted to occur on
similar timescales while migration is at least one order of magnitude slower [63].

Precise control of nanotube alignment is an important factor in creating nanocomposites
with enhanced electrical and mechanical properties. The study of CNT alignment induced by an
electric field has been modeled [63,67] and experimentally analyzed [75,76] as a function of
electric field strength and frequency. The work presented herein attempts to further explore
electrostatically induced alignment of CNTs in a polymer for its application to the manufacturing

of structural composites.

1.3 Techniques for Characterizing CNT Alignment

To more fully understand electric field-driven alignment, the development of non-
destructive techniques for probing the alignment process of a CNT in situ within a polymer
matrix is paramount. A variety of experimental techniques have been used to assess the state of
CNT alignment. Microscopy—including optical microscopy [56], scanning electron microscopy
(SEM) [70,77,78], transmission electron microscopy (TEM) [41,46], and atomic force
microscopy (AFM) [70,79]—has been used extensively to study nanotube alignment. However,
all these techniques have limitations in analyzing the alignment of CNTs imbedded in polymers.
Because of the diffraction limit of visible light microscopes, the resolution using optical

microscopy is on the order of hundreds of nanometers. This limits the study of CNTs with this



technique to nanotube bundles [56] that can result from poor dispersion or reagglomeration
during the alignment process.

By using electrons instead of visible light, SEM techniques have increased resolution of
nanostructures. Nonetheless, SEM is mostly a surface technique and analyses of CNT alignment
have been limited to substrates [70,77] or fracture surfaces [78]. Furthermore, because many
substrates and polymer thin films are electrically insulating, charging effects [77] can distort the
dimensions of the imaged nanoparticles while sputter coating the surface with a conductive layer
can blanket the desired features. AFM has a similar limitation as a mostly surface
characterization technique, and atomically smooth substrates are typically required to resolve
single-walled CNTs. However, newly developed subsurface imaging techniques [80] appear
promising in studying CNTs imbedded in non-conductive materials.

Compared to SEM and AFM, TEM has the advantage of measuring diffracted electrons
through thin, non-conductive specimens. With the capability of atomic-scale resolution, TEM
imaging of the alignment of individual CNTs has been previously demonstrated [41,46]. With
TEM, however, the uniformity of alignment throughout the sample comes into question based on
the limitation in sample size. For the required nanoscale resolution to observe nanotube
alignment, the scale of the images is small compared to the overall size of the sample. Thus,
numerous images are required to ensure the findings are consistent, which can be a time-
consuming process. Additionally, TEM sample prep may be destructive or misleading in terms
of alignment as seen in the ability to induce post-processing reorientation of nanotubes in a
polymer by microtoming thin TEM slices [46]. TEM itself is a destructive technique. Electron
irradiation of sufficient energy (286 kV) has been shown to create defects in the walls of CNTs
[81,82]. These defects resulting from knock-on collisions of the incident electrons can even lead
to inter-wall bonding in multi-walled CNTs [83,84] and single-walled CNT bundles [85],
altering the sp” lattice structure in the CNT walls. Extended exposure to high-energy electron
beams can even amorphize CNT walls [81]. If care is taken to avoid the destructive effects of
TEM and its sample prep, recently developed in situ techniques [86] may offer the possibility to
image CNT alignment in real time.

Besides microscopy, x-ray diffraction (XRD) methods [41] including wide-angle x-ray
diffraction (WAXD) [87,88] have been used to characterize CNT alignment. For a random

orientational distribution of CNTs, a powder diffraction ring with uniform intensity with respect



to its azimuthal angle is expected; for aligned CNTs, the diffraction ring will show peak
intensities at 0° and 180° degrees with respect to the alignment direction [41]. Because XRD
measures the diffraction of x-rays from the (002) Bragg peak for the interlayer spacing of the
graphitic walls [41], CNTs can be easily distinguished from amorphous polymers with these
methods. This does, however, limit XRD analyses to multi-walled CNTs or single-walled CNT
bundles [89].

In terms of studying the average alignment dynamics of CNTs within a polymer on
statistically relevant scales, polarized spectroscopic techniques may prove the most useful.
These techniques can be separated by the way the incident light interacts with the particles:
emission, absorbance, or inelastic scattering. Light emission refers to particle fluorescence or
photoluminescence (PL). By utilizing the anisotropy of CNT absorption and fluorescence,
polarized PL spectroscopy has been used to characterize CNT alignment [77,90] on flat
substrates. However, PL measurements are very sensitive to a nanotube’s environment, and the
signal intensity can be significantly reduced by a phenomenon called CNT quenching [91-93].

At the current level of technology, the bulk production of CNTs generates a mixture of
metallic (m-SWCNT) and semiconducting (s-SWCNT) nanotubes, which are classified by the
chiral angles of their roll-up vectors (Figure 1.3) and possess distinctive optical and electronic
properties [94]. CNT quenching describes the absence of fluorescence in CNT bundles that is
otherwise expected to occur in isolated semiconducting CNTs. For an isolated tube, incident
light generates an exciton. The recombination of the electron-hole pair results in the emission of
a photon. In the case of metallic nanotubes, holes generated from the incident light are filled by
free electrons in a process of non-radiative recombination [94]. For small CNT agglomerates
containing at least one metallic nanotube, the process of inter-tube exciton energy transfer occurs
faster than recombination, and thus, the entire CNT bundle behaves like a metallic CNT in which
the absence of a band gap precludes the production of excitons [92,95]. In addition to its
sensitivity to bundling, the fluorescent intensity from CNTs can also be quenched by contact
with a semiconducting substrate [90] or at a low pH where oxidation of the CNT walls can occur
[96]. As aresult, polarized PL spectroscopy is typically ineffective at characterizing CNT

alignment except at low concentrations of well dispersed, non-interacting CNTs.



Figure 1.3 — CNT lattice designation from its (n, m) indices as determined by its chiral angle and roll-up vector.

When n—m mod 3 = 0, the nanotube is metallic; otherwise, it will be semiconducting [97]. L denotes the length and
direction of the nanotube’s longitudinal axis. The length of the roll-up vector is the CNT circumference.

For all the disadvantages of the previously mentioned techniques, perhaps the greatest is
that these measurements have heretofore been limited to end-state specimens, which we define as
composites post-polymerization where (random or induced) CNT rotation has been arrested. In
the search for a technique that can be used to assess CNT alignment dynamics, considerable
information on the mechanism of electrostatically induced alignment is lost when measurements
cannot be taken in real time. Therefore, it is imperative that a form of testing that meets the
following requirements is used:

1. is non-destructive to the sample with no distortion to nanotube mobility,
2. has a CNT signal that is distinguishable from an insulating polymer matrix,
3. and has integration times for real-time measurements that are fast relative to the kinetics

of alignment.

To determine the degree of alignment of CNTs in real time, several spectroscopic
techniques have been successfully employed, including polarized absorbance (or transmittance)
spectroscopy [76,98] and polarized Raman spectroscopy [40,44,45,50,51,56,99]. Similarly to PL
measurements, polarized absorbance spectroscopy capitalizes on the anisotropy in absorbance
(or linear dichroism) for a CNT, which is often considered a 1D material because of its high
aspect ratio. The degree of light transmission has been demonstrated to increase as polarization
is switched from parallel to perpendicular with respect to the CNT alignment direction in

stretched films [40,42,48]. Using linear dichroism [98] and birefringence [75,76] measurements,



the electrostatically induced alignment of CNTs in solution has previously been measured in situ
and in real time. These measurements give researchers insight into the timescale of CNT
reorientation as the measured intensities taken parallel and perpendicular to the field direction
show increases and decreases, respectively, during the application of an electric field. Despite its
success in monitoring CNT reorientation in real time, absorbance spectroscopies are limited to
highly transmitting media (water, organic solvents, etc.), which would therefore preclude these

measurements in most structural polymers of interest.

14 Polarized Raman Spectroscopy of CNTs

A viable alternative to polarized absorbance spectroscopy, polarized Raman spectroscopy
is often used to identify CNT alignment in polymer composites [40,44,45,50,51,56,99]. The
signal strength of CNTs from Raman scattering is extraordinarily strong as seen in the ability to
collect a spectrum from a single nanotube [100]. Because of this, Raman spectra collected from
CNT-polymer composites show prominent CNT spectral features even at low CNT
concentrations. In Raman spectroscopy, the inelastic scattering of light from phonons yields
Raman shifts in energy. These Raman shifts are specific to chemical bonds and therefore give
material information about a sample on the molecular scale. Commonly used to determine
chemical composition, polarized Raman spectroscopy gives the added ability to take linear
dichroic measurements while identifying the source of the scattering. This is a marked
advantage over (non-resonant) absorbance measurements for which it is difficult to distinguish
CNTs from other any other particles (such as impurities, polymer chains, etc.) exhibiting optical
anisotropy. With polarized Raman spectroscopy, it can be said with certainty that specific
spectral features originate solely from a CNT.

One example of this is the CNT G-band, which results from the in-plane oscillations of
sp” carbon atoms and is observed in all graphitic structures. Although most characteristic CNT
spectral features change proportionally with respect to the polarization angle (including the radial
breathing mode (RBM) and disorder-induced D-band) [43], the G-band is most commonly used
since it is typically the most prominent peak (Figure 1.4a). Using the ratio of orthogonally
polarized incoming and scattered light (often denoted by Gun/Gyy where H and V describe

scattering geometries parallel and perpendicular to the alignment direction, respectively) [101—
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103], the relative degree of alignment can be assessed via polarized Raman spectroscopy (Figure

1.4b).
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Figure 1.4 — a) A characteristic Raman spectrum for a carbon nanotube with several peaks of interest identified.

b) The CNT G-band shown with polarizations parallel (HH) and perpendicular (VV) to the alignment direction. The
ratio of the intensities of the G™ peak (~1592 cm™) is used as an indication of the degree of CNT alignment. The
inset shows the two polarization geometries with respect to the focal plane of the laser in the sample. The laser
directions are denoted by the green arrows.

In addition to having the capacity to resolve CNT spectral features from the polymer
matrix, Raman spectroscopy is also a non-destructive test capable of probing the CNT alignment
process in situ. If localized heating from high laser powers focused on small excitation volumes
is avoided as laid out by NIST guidelines [104], Raman scattering from the nanotubes will have
a minimal effect on particle mobility. Furthermore, good signal-to-noise ratios for low
concentrations of CNTs embedded in a polymer can be achieved for relatively short integration
times (on the order of a few seconds) [62,105]. While this may not yet be fast enough to observe
CNT rotation in low viscosity solutions [76,106], this technique should be well suited for the
predicted timescales of alignment for CNTs in higher viscosity polymer mixtures [63]. Ergo, the
work in this thesis sought to develop a polarized Raman spectroscopy technique that could be
used to analyze the process of CNT alignment induced by an electric field in a thermoset

polymer matrix.
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1.5 Thesis Overview

Overall, the proposed study intends to investigate the alignment of carbon nanotubes
within a polymer composite. Through real-time analyses of CNT-polymer systems under an
imposed electric field, a more accurate understanding of the alignment process as well as the
factors that affect it can be developed. This will also help to prevent potential misleading
conclusions based on measurements of polymerized specimens that can obscure relevant
information on the dynamics of alignment. These insights can then be applied to determine
optimal processing conditions for CNT composites for engineering applications.

In Chapter 2, a technique of real-time polarized Raman spectroscopy capable of making

CNT alignment measurements in situ within a polymer is introduced. The speed and degree of
alignment is analyzed as a function of the applied electric field strength and compared to end-
state measurements of CNT alignment from the literature. The loss of alignment resulting from
Brownian motion upon removing the electric field is also shown. In Chapter 3, the viscosity
dependence on the speed of CNT rotation is investigated. Results are compared to theoretical
predictions of the rotational mobility of nanoscale rigid rods in polymers. In Chapter 4, the
effects of CNT length on the degree and speed of alignment and randomization are investigated.
Discrete levels of alignment are shown, and an electrostatic potential energy model is used to
explain this as the alignment of different populations of CNTs based on their lengths. In Chapter
5, CNTs are electrostatically aligned within a carbon fiber composite. Using COMSOL
modeling, gradients in the electric field strength near the conductive carbon fiber ends are
expected. Within these regions of increased electric field strength, greater degrees of CNT
alignment are shown. The implications of selectively aligning CNTs in specific regions of the
composite for tailoring composite properties is discussed. A summary of the contributions of

this thesis as well as ongoing work and potential future directions are laid out in Chapter 6.
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CHAPTER 2
REAL-TIME, IN SITU POLARIZED RAMAN SPECTROSCOPY OF CARBON
NANOTUBE ALIGNMENT

2.1 Chapter Synopsis

A technique has been developed utilizing polarized Raman spectroscopy to measure the
alignment of carbon nanotubes in sifu in a polymer matrix under an applied electric field.
Previous studies of alignment have been restricted to optically transparent solvents or
polymerized specimens that prevent accurate analyses of alignment dynamics in polymers. The
effects of electric field strength on the degree of alignment and the time to achieve an aligned
state are discussed. The use of in situ, real-time polarized Raman spectroscopy provides a non-
invasive technique for assessing carbon nanotube alignment, which can assist in determining
processing conditions to improve the mechanical and electrical properties of aligned

nanocomposites.

2.2 Introduction

Due to the complex response of CNTs to an applied electric field, insights into the
alignment process are limited by post-alignment characterization techniques. Information on the
competing mechanisms of CNT rotation, translation, and migration as well as the effects of
undergoing a thermally activated polymerization process (thermal gradients, increased particle
mobility at elevated temperatures, etc.) is obscured in these end-state “snapshots”. Therefore,
the need to accurately probe these processes in situ and in real time is paramount. Polarized
Raman spectroscopy appears to be a promising method for conducting these measurements non-
destructively.

However, the characterization of CNT alignment in composites using polarized Raman
spectroscopy measurements has heretofore been limited to specimens polymerized after
alignment. The dearth of real-time data inhibits the development of an accurate model of the

response of a CNT in a polymer to an electric field. To address these concerns, this chapter
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describes the development of a polarized Raman spectroscopy technique to non-destructively

observe the CNT alignment process in situ in structural polymers of commercial interest.

2.3 Experimental
2.3.1 Materials

Single-walled carbon nanotubes (AP-SWNT) (average diameter, d,,, = 1.4 nm and
length, L = 1-5 pm) from Carbon Solutions, Inc. (Riverside, CA) were used throughout this
thesis. The matrix was a difunctional bisphenol A/epichlorohydrin liquid epoxy resin (EPON
828) supplied by the Miller-Stephenson Chemical Company, Inc. and has a viscosity of 12000 cP
at 25°C. m-Phenylenediamine (mPDA) provided by the Sigma-Aldrich Corporation was used as

the curing agent.

2.3.2 Sample Preparation

CNTs were weighed and added to 400 mL of EPON 828 at CNT concentrations of 0.005
wt% and 0.01 wt%. To disperse the CNTs, samples were sonicated for 20 min (125 kJ) using a
QSonica Q700 horn sonicator with a 0.5-inch tip. For real-time Raman spectroscopy
measurements, 2 mL of the mixture were transferred into poly(methyl methacrylate) (PMMA)
cuvettes with an optical path length of 10 mm. For cured specimens, the CNT-EPON 828
mixture was hand mixed with mPDA at a ratio of 7:1 by weight. CNT alignment was induced by
applying an electric field during an initial cure stage at 75°C for 2 hours and then a post-cure

stage at 125°C for 2 hours.

2.3.3 Experimental Setup

An electrostatic potential was generated across two copper parallel plates (0.635 mm
thickness) by an Agilent 33500B series waveform generator and a Trek model 2220 high voltage
amplifier. All waveforms were sinusoidal with a frequency of 1 kHz unless stated otherwise.
The effect of electric field strength on the time to align was systematically studied, and field
strengths up to 5000 V/cm were chosen to generate CNT alignment on time scales of interest.
These field strengths are consistent with those reported previously to induce CNT alignment
within a polymer matrix [56]. Since Joule heating has been shown to be a disruptive factor in the

alignment of CNTs [56,107], temperature control is an important aspect. However, for this
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study, an electrically insulating matrix and low CNT concentrations were chosen to avoid this
effect. The resulting current (on the order of a few pA) did not yield a discernable change in

temperature during the experiments.

2.3.4 Real-time Polarized Raman Spectroscopy

Polarized Raman measurements were acquired during the application of an electric field
on a CNT-EPON 828 mixture. The Raman scattering intensity is proportional to the number of
CNTs falling within the excitation volume of the laser. However, higher concentrations of CNTs
increase the likelihood of multiple scattering events as well as increasing the opacity of the
mixture, which decreases the penetration depth of the laser. CNT concentrations of 0.005 wt%
and 0.01 wt% were found to yield a suitable signal to noise ratio of the spectra. These low
concentrations also resulted in an appropriate penetration depth of the laser to limit fringe
effects. Electric field conditions were chosen so that the timescales of the observed alignment
were large compared to the integration time per spectra.

The technique for in situ and real-time characterization of CNT alignment was developed
using a Princeton Instruments Trivista TR777 Raman spectrometer and an optical beam path
constructed by Aldridge [108] and denoted herein as Spectrometer 1 (Figure 2.1). A laser
wavelength of 532 nm at a power of 10 mW was focused on the sample through the side of a
PMMA cuvette. The polarizations of incoming and scattered light were controlled via a %2 wave
plate and polarizer, respectively, and are denoted by HH or VV scattering geometries (where H
is parallel to the electric field direction and V is perpendicular to it); the first letter denotes the
polarization of the incoming light and the second letter corresponds to the polarization of the
scattered light. Scattered light was collected via backscattering, and the integration time per
spectrum was 30 seconds. Spectra were normalized to a PMMA peak at 1730 cm™, and
Lorentzian fits were used to determine the peak heights of the G-bands. Alignment was analyzed

by observing the change over time at a constant polarization (HH).
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Figure 2.1 — Top down view of the optical setup for Raman Spectrometer 1 (reproduced with permission from M.F.
Aldridge). The laser was focused through the sidewall and roughly in the center of the cuvette.

This technique was also demonstrated using a WITec alpha300 R Confocal Raman
Microscope denoted herein as Spectrometer 2 (Figure 2.2). A 532-nm laser was focused through
a 10x objective at a power of 2.55+0.05 mW and a depth of 400 pum from the surface of the
sample. The polarizations of incoming and scattered light were controlled via two wave plates.
Scattered light was collected via backscattering, and the integration time per spectrum was 10
seconds. Comparisons between samples were made by normalizing the CNT G-band
(~1592 cm™) with an EPON 828 peak centered at 824 cm™, which remained approximately
constant over the course of an experiment. The ratio of change over time is given by

I(CNT{*%2)/1(EF?*)
I(CNTy>°%) /I(E§**)

where 7 (CNTZ5%2) and I (Eo***) are the initial intensities of the G-band at 1592 cm™ and EPON

(2.1) Ihorm =

828 peak at 824 cm™, respectively, prior to the application of the electric field, and 7 (CNT{5°?)
and I (E***) are the intensities of the G-band and EPON peak at any given time (¢) during the
experiment. Unless stated otherwise, all polarized Raman data were collected using

Spectrometer 2.
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Figure 2.2 — Setup for all spectroscopic measurements on Spectrometer 2 including the power source, Raman
spectrometer, and polarization directions. The laser was focused vertically 400 pm from the top of the sample.

Data were analyzed using both maximum intensities of spectral features and peak
deconvolution to ensure consistency between the two methods. Raman spectral intensities were
treated as the number of detected counts at a certain frequency after a linear background
subtraction and normalized according to Eq. (2.1). The Raman spectra of the tested system have
spectral features of both the single-walled carbon nanotubes and the EPON 828 epoxy matrix
used in this study. These features overlap at various frequencies in the collected spectra. The
need to deconvolute the two overlapping spectra was investigated.

In the region of interest, four distinct peaks have been identified. Two originate from the
EPON 828 (with maxima near 1583 cm™ and 1612 cm™), and two come from the CNTs (with
maxima near 1570 cm™ and 1592 cm™). The four peaks were fitted with Lorentzian functions
using the program Fityk (Figure 2.3). The sum of the Lorentzian fits closely approximates the
collected Raman data. The fitted intensity of the CNT peak at 1592 cm™ was then normalized to
the fitted EPON 828 peak at 1612 cm™ as well as the maximum intensity at 824 cm™ (not shown
in the figure). Several of these points are shown in Figure 2.4 for a sample aligned with an
electric field of 700 V/cm. The deconvoluted data are within 5% of I,orm, Which is within the
margin of error of the best-fit exponential decay functions. Therefore, maximum intensities were

used for the remainder of the study.

17



500 - l

=  CNT-EPON 828

400 - Sum of Lorentzian Fits
2
S 300
o
e
Fard
B 2004
C
()
£

100 A

0- s t:x--:::a---

T T T T T T T T T T T T T T T !
1540 1560 1580 1600 1620 1640 1660 1680
Raman Shift (cm™)

Figure 2.3 — Deconvolution of the overlapping spectral features of the CNT-EPON 828 mixture for an aligned
sample at a CNT concentration of 0.01 wt%. Arrows indicate the CNT (1570 cm™ and 1592 ¢cm™) and EPON 828
(1583 cm™ and 1612 cm™) spectral features in the chosen frequency range.
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Figure 2.4 — Comparison of the normalized intensity used in the paper to the peak deconvolution data (normalized to
EPON 828 peaks at 824 cm™ and 1612 cm™) at several points during the alignment process. Discrepancies between
the two methods were small and yielded no systemic differences.
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24 Results

CNT alignment is commonly characterized by comparing the intensities of Raman
spectra produced by orthogonally polarized incident light in specimens polymerized after
alignment. An example of this is shown in Figure 2.5 for a specimen aligned at 300 V/cm. For
an electrostatically aligned sample, the G-band intensity increases for a parallel polarization
direction (HH) and decreases for a perpendicular one (VV) when compared to an unaligned
specimen. The parallel-to-perpendicular ratio is a qualitative indicator of the degree of
alignment in which a greater ratio corresponds to a greater degree of alignment. In an isotropic

sample, the HH/VV ratio is ~1.
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Figure 2.5 — Raman spectra for electrostatically aligned and unaligned polymerized CNT-EPON 828 samples at a
CNT concentration of 0.01 wt%. The G-band increases in the HH polarization direction and decreases for the VV
polarization direction in the aligned sample with respect to the unaligned sample. Collection times were 2 minutes
using Spectrometer 1.

The real-time monitoring of CNT alignment via an electric field is shown in Figure 2.6.
Upon applying an electric field of 500 V/cm, the intensities of the Raman peaks in the CNT
spectrum begin to increase as the CNTs in the mixture begin to align to a greater extent in the

electric field (and polarization) direction (HH). This increase in intensity is most easily observed
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for the CNT G-band (Figure 2.6a). The peak values at 1592 cm™ for the experiment in Figure
2.6a are plotted in Figure 2.6b over the time the electric field is applied. Within 10 minutes, the
intensity of the G-band reaches 99% of its asymptotic value as determined by an exponential
best-fit function:

(22) y=A4,e7"+y,.
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Figure 2.6 — Real-time alignment monitored by (a) the growth of the CNT G-band over time with HH polarization
and (b) the G-band intensity plotted as a function of time to align (Spectrometer 1). The electric field (500 V/cm)
was applied at =0 min. Counts are recorded at 1592 cm™.

In situ, polarized Raman spectroscopy also offers the ability to study the effects of the
electric field strength on CNT alignment. A typical Raman spectrum for the CNT-EPON 828
system is shown in Figure 2.7a. Using the EPON 828 peak at 824 cm™ to normalize the change
of the G-band, a comparison of the change over time between samples is possible. As shown in
Figure 2.7b, Raman spectra were collected for samples under electric fields of different strengths
from 100 to 1100 V/em. After 30 minutes of alignment induced by the electric field, VV
measurements (not shown) were taken of the samples in Figure 2.7b. Using the asymptotic
values of fitted curves for the data presented in Figure 2.7b as the HH values, the corresponding
HH/VYV ratios were calculated and are given in Figure 2.7¢ along with a data point taken from

Park et al. [56].
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Figure 2.7 — (a) A characteristic Raman spectrum is
shown for CNTs in EPON 828 with the investigated
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field strength-dependence of alignment is
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The HH/VV ratios are plotted for the field strengths
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This technique also allows for in situ measurements of the loss of CNT alignment when

the electric field is removed (Figure 2.8). The first few minutes after the electric field (500

V/cm) is switched off show a considerable drop in the normalized G-band intensity compared to

the asymptotic value of an exponential best-fit curve (Figure 2.8a). After 30 minutes without the

electric field, the G-band intensity approaches (but does not reach) the initial measured intensity

prior to the application of the electric field.
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Figure 2.8 — (a) Relaxation time of electrostatically aligned (500 V/cm) CNTs demonstrated by in situ polarized
Raman spectroscopy. The applied electric field was turned off at # = 30 min. (b) Change in the normalized G-band
intensity due to CNT alignment and relaxation seen in (a). Relaxation data were taken as the difference between the
value of I,om, at # =30 min and the points from ¢# = 30 min onward with respect to the intensity at # = 0 min.

2.5 Discussion
2.5.1 CNT Alignment as a Function of Electric Field Strength

The in situ polarized Raman spectroscopy measurements used in this study demonstrate
the ability to measure the change in CNT alignment in real time under an applied electric field
(Figure 2.6). Faster alignment has been predicted for CNTs under electric fields of greater
frequency and applied potential [67] and observed at higher field strengths via absorbance
measurements that take advantage of the linear dichroic nature of CNTs [76,98,106]. CNT
alignment measurements under various electric field strengths using real-time Raman
spectroscopy (Figure 2.7b) confirm this. The observed timescales of alignment are comparable
to those modeled in viscous systems [59,63] and match those reported for electrostatically
aligned, cured composites [56,107]. Furthermore, there appears to be a minimum field strength
for which alignment is detected, which has been shown previously [56,73].

For higher electric field strengths, a monotonic increase in the HH/V'V ratios is observed
(Figure 2.7¢). The magnitude of alignment determined by this ratio is consistent with the aligned
cured composite shown in Figure 2.5 and a previous study by Park ef al. in a UV-cured epoxy
system [56]. This implies that a greater degree of alignment can be achieved by increasing the
electric field strength. For a comparison of the degree of alignment achieved in this study
against those reported previously [43,44,49-51,56,65,109—115], HH/VV values for single-walled

CNTs aligned by various methods are compiled in Table 2.1. The maximum ratio attained in this
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study (HH/VV = 7.9) is on the higher end of those generated by electric and magnetic fields but

less than those observed for other alignment techniques. These results imply that greater

alignment can be obtained with mechanical shearing methods.

Table 2.1 — Single-walled CNT alignment assessed via polarized Raman spectroscopy.

Maximum
Alignment . Alignment . Maximum
Method Field Time Polymer Matrix HH/VV Reference
Strength

Aqueous sodium

Magnetic field 1T 1-2 days | dodecyl sulfate-decanol 2.5 [109]
nematic liquid crystal

Magnetic field 85T 10 min | Poly(ethyleneimine) 3 [51]

Magnetic field 9T 45 min I;(;I‘S"pmpyl acrylamide 2 [65]

. Polyethylene

Magnetic field 94T terephthalate 3.5 [110]

Magnetic field 25T None (buckypaper) [49]

Magnetic field 26T None (buckypaper) [50]

Electric field | ° 0? IY}/I‘;‘“ 120 min | EPON 828 (cured) 2 This study
Urethane

) 435 V/cm, . dimethacrylate/1,6-

Electric field 10 Hz 10 min hexanediol 2.5 [56]
dimethacrylate blend
Urethane

. 3000 V/cm, . dimethacrylate/1,6-

Electric field 1 Kz 30 min hexanediol 7.1 [99]
dimethacrylate blend

Electric field SO(iOk\}/I/Zcm, 30 sec EPON 828 (uncured) 7.9 This study

Aligned growth 4 [111]

Drawn fibers None (CNT fiber) 5 [112]

Drawn fibers None (CNT fiber) 7.6 [113]

Extruded fibers None (CNT fiber) 10 [114]

Mechanical L

stretching Polyacrylic acid 12 [43]

Extruded fibers PMMA 20 [44]

(melt spinning)

Extruded fibers None (CNT fiber) 28 [115]
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2.5.2 Quantifying CNT Alignment from Polarized Raman Spectroscopy
By determining a distribution function of the aligned CNTs, the degree of alignment can

be quantified. The polarized Raman intensity of the CNT G-band can be expressed by
n/2

23) I;= f aF(0)cos?0do

-1/2
where a is a normalization coefficient, F (6) is the angular distribution function, and 6 is the
angle between a nanotube and the orientation axis. The cos? @ term arises from the dependence
of the Raman scattering intensity on the polarization angle [102,116—119] and more closely
matches our data than a cos* 8 dependence described elsewhere [43,120]. Using the ratio of

orthogonally polarized incoming and scattered light,

on g ["/% F(6) cos?0de
. oo f_n;/zzF(G) cosz(G—”/Z) do

Table 2.2 — Calculated CNT angular distributions and values for Herman’s orientation parameter
for the various studied electric field strengths.

Eleg,r/‘ccnf)‘eld HH/VV o () HWHM (°) S
200 1.4 68 80 0.03
300 1.8 50 59 0.14
500 2.7 37 43 0.32
700 3.3 32 38 0.40
1100 4.1 29 34 0.49
2500 6.5 23 26 0.64
3750 7.5 21 25 0.68
5000 7.9 20 24 0.69

The angular distribution of aligned CNTs is often assumed to be Gaussian

[35,50,103,119]. As such,

—92 /252
eG/Za

(25) F(0) =

oV2m
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where o is the standard deviation of the distribution. From experimentally determined intensity
ratios, standard deviations of the angular distributions for various applied electric field strengths
are calculated and shown in Table 2.2. The standard deviation can be related to a peak half
width at half maximum (HWHM) according to
(2.6) HWHM = o\2In2.
These values are included in Table 2.2.

The degree of alignment can also be assessed through an orientation parameter.

Herman’s orientation parameter (S) is a common example is given by

3(cos?68) —1
2.7) S= Hcos™9) — 1
2
where
fonF(B) cos? 0sin6 do

(2.8)  (cos®0) = Jy F(6)sin6 do

The orientation parameter equals 1 for perfect alignment and 0 for a random distribution. Using
the Gaussian distribution functions determined previously, values of S are computed for the
studied electric field strengths and collected in Table 2.2. These values are compared with other
published orientation parameters for aligned single-walled carbon nanotubes in Table 2.3.
Alignment generated via electric field as quantified by the orientation parameter falls between
that reported for magnetic fields and various mechanical shear methods. The highest degrees of
alignment appear to be achieved through CNT fiber drawing [121] and dry-jet wet spinning
processes [122].
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Table 2.3 — Orientation parameters (maximum values) for aligned single-walled carbon
nanotubes determined using polarized Raman spectroscopy.

Alignment method S Reference
Magnetic field 0.37 [121]
Spun CNT fibers 0.42 [123]
Electric field 0.45 [99]
Electric field 0.69 This study
Drawn fibers 0.7 [35]
Stretched films 0.85 [43]
Drawn fibers 0.89 [121]
Spun polyacrylonitrile-CNT fibers 0.94 [122]

2.5.3 Orientation Randomization of CNTs

The loss of CNT alignment once the electric field is removed is shown in Figure 2.8a.
Without the impetus to align, the G-band intensity immediately begins to decrease. This
decrease in intensity, corresponding to a loss of CNT alignment, appears to approach the initial
(pre-alignment) value of /,,rm but at a slower rate than the electric field-driven alignment (Figure
2.8b). A rapid loss of CNT alignment on the order of tens of milliseconds has been observed
previously in low viscosity systems [75,76]. The data presented herein indicate a loss of
alignment also occurs in a high viscosity thermoset.

It is important to recognize that a loss of alignment does not correspond to a complete
randomization of the system. The decrease in the measured spectral intensity in Figure 2.8b
likely results from off-axis deviations from the polarization direction caused by thermal
fluctuations in the polymer that dominate upon the removal of the electric field. The timescale
of this loss in alignment appears to agree with expected rotational relaxation times [124,125] for
the analyzed system and is inversely proportional to the melt viscosity, which agrees with the
rotational diffusion of long, rigid rods in polymer melts [126] (see Chapter 3). This phenomenon
demonstrates the need for fast polymerization steps or the continued application of the field (or
other aligning force) during polymerization to lock in CNT alignment even in the case of viscous

polymers.
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2.6 Conclusions

Through novel in situ, real-time polarized Raman spectroscopy measurements, we have
demonstrated the capability of monitoring CNT alignment under an applied electric field as a
dynamic system. Whereas previous work has been limited to post-polymerization analyses or
absorbance measurements in optically transparent solvents, this technique can be applied as a
diagnostic tool to characterize CNT alignment in real time in structural polymer matrices of
interest. With these measurements, we demonstrate the capability of analyzing the effects of
several material parameters such as composite viscosity (Chapter 3) and CNT length (Chapter 4)
on the degree and speed of alignment induced by an electric field. These analyses are imperative
in developing a better understanding of the alignment process, which is crucial in efficiently

creating aligned polymer nanocomposites with enhanced mechanical and electrical properties.
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CHAPTER 3
ROTATIONAL FRICTION OF CARBON NANOTUBES IN A POLYMER

3.1 Chapter Synopsis

Carbon nanotube rotation induced by an electric field is analyzed using in situ, real-time
polarized Raman spectroscopy. This technique for monitoring a dynamic system enables a
measurement of the change in carbon nanotube alignment for various field strengths and
temperatures as a function of time after the field is applied. The calculated activation energy of
carbon nanotube rotation is similar to that of the viscous flow of the thermoset polymer matrix,
and the speed of rotation is shown to be inversely proportional to the composite viscosity as
described by a continuum model. The experimental results are compared to theoretical work
from the literature concerning the diffusion of rigid rods in polymer melts, which indicate a shear

viscosity controlling mechanism for carbon nanotube rotation.

3.2 Introduction

The speed of rotation of a CNT is proportional to the rotational energy over the resistance
to rotation. With no externally applied fields, the thermal energy is the dominant mechanism of
the system. Above 0 K, the thermal energy results in the rotational diffusion of the particles,
which causes them to rotate randomly ad infinitum (Figure 3.1). For an applied electric field of
sufficient magnitude, the electrostatic potential energy Ug exceeds the thermal energy:
(3.1) Ug > 2kgT.
As aresult, the electric field-induced torque forces the CNTs to align in the direction of the
electric field as long as it is applied (Figure 3.1).

For both thermally and electrostatically driven rotation of particles, the resistance force is
accurately described by the rotational friction, assuming no covalent bonding exists between the
particles and the matrix. On a macro- or microscale, the rotational friction is related simply to

the shear viscosity of the system.
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Figure 3.1 — A schematic demonstrating CNT rotation that results from thermal and electric field energies. Random

rotation of CNTs (rotational diffusivity) results from the thermal energy of the system. Forced rotation of CNTs into
the electric field direction occurs upon the application of an electric field of sufficient magnitude. When the electric

field is removed, CNTs reassume a random orientational distribution.

Viscosity results from the average friction arising from the viscous flow of polymer
chains [127] and can be accurately described by a continuum model. However, inconsistencies
emerge when using shear viscosity (7) to describe particle mobility in a polymer melt as the size
of the particle decreases to the nanoscale. Measurements of nanoparticle translational diffusion
constants (Dy) [128—130] and theoretical analyses of nanoparticle-polymer chain dynamics [131—
133] point toward a local viscosity (71.) mechanism for small, spherical particles where 71, << #,.

Polymer chain length plays an important role in the mobility of nanoparticles and can be
divided into two groups: long chain and short chain. For a spherical nanoparticle in a long chain
(entangled) polymer melt, the critical dimensions for particle mobility are the diameter of the
nanoparticle (dp) and the mesh entanglement length of the polymer [134] (dt ~ 3-9 nm) [135].
For a short chain (unentangled) polymer melt, the critical dimensions are the nanoparticle
diameter and the radius of gyration (R,) of the polymer coil [134]. Particles for which dp >> dr
in entangled polymers and dp >> R, in unentangled polymers behave according to Stokes-
Einstein diffusion (Dsg) [136]. Faster diffusion is predicted for extremely small particles (dp <
dr for entangled polymers and dp < R, for unentangled polymers) [131,132]. The point at which
Stokes-Einstein diffusion is expected to recover is when dp ~ 10-dr in entangled polymers and dp
~ 3R, in unentangled polymers [131].

These predictions have been confirmed through x-ray photon correlation spectroscopy
[128] and fluorescence correlation spectroscopy [129] measurements in which Stokes-Einstein
diffusion underestimates experimentally determined diffusion constants for dp ~ dt in an

entangled melt. Grabowski ef al. also demonstrated the importance of chain entanglement on
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nanoparticle diffusion by experimentally showing that D, ~ 250-Dgg for high molecular weight
(entangled) poly(n-butyl methacrylate) (PBMA) in which dp ~ dr; Stokes-Einstein diffusion was
recovered for low molecular weight (unentangled) PBMA where dp > R, [130].

However, for CNTs in which the radius is measured in nanometers and the length is
typically on the order of microns, a comparison to nanoscale spheres may not be appropriate. A
CNT may instead be thought of as a long, rigid rod up to lengths of 10 um [137]. For CNT
alignment, rotation (rather than translation) is the motion of interest (Figure 3.2). The rotational
diffusion constant (D;) of long, thin rods is predicted to be proportional to shear viscosity [126]
and shows an experimentally determined length dependence (D, ~ 1/L*) [134,138]. Both of these

relationships are consistent with the continuum model.

Longitud_inal - N
translation
» Polymer chain
Transverse c
translation NT

«

5

Rotation Q

Figure 3.2 — Different forms of motion for a nanotube through a polymer.

In this chapter, electric field-induced rotation of CNTs in a polymer is analyzed and
compared with predictions of long, rigid rods [126] and observations from other nanoscale rod-

like molecules in solution [138,139]. Polarized Raman spectroscopy has proven to be an
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effective diagnostic tool for assessing the degree of CNT alignment in polymer composites. We
previously demonstrated the ability to make real-time polarized Raman measurements in situ to
monitor the reorientation of CNTs under an applied electric field [62] (see Chapter 2). From
these measurements, activation energies of the rates of CNT rotation at various electric field
strengths are determined and compared to that of the viscous flow of the unentangled polymer

used in this study.

33 Experimental

The materials, sample preparation, method of electrostatically inducing CNT alignment,
and real-time polarized Raman spectroscopy measurements were conducted as described in
Chapter 2. A CNT concentration of 0.005 wt% was used for this Chapter. Temperature
measurements were taken with a Fluke 179 True-RMS multimeter. A custom-built temperature
stage was used to control the sample temperature during experiments. Each sample was brought
to and held at a predetermined temperature at which point the electric field was activated and
polarized Raman measurements were taken.

All rheological measurements were made using an ARES LS (Rheometric Scientific)
with a 50-mm diameter parallel plate geometry and a 1-mm gap. Zero-shear viscosity (1) was
recorded as the viscosity of the sample as the shear rate approached 0 (i.e. the Newtonian
regime). Viscosities were determined for neat EPON 828 as well as EPON 828 with 0.005 wt%
CNT additions at various temperatures from 20-50°C. Discrepancies between the measured
viscosities and those provided by the manufacturer [ 140] were small (< 5%) at all studied

temperatures.

34 Results
3.4.1 Activation Energy of the Viscous Flow of EPON 828
It was determined experimentally that the small additions of CNTs (0.005 wt%) had a

minimal effect on the measured viscosity of EPON 828 (Figure 3.3a). An Arrhenius model—

(32) 1Inn = (Ea/RT) +1nA
where E, is the activation energy of the viscous flow of the polymer, R is the universal gas
constant, 7 is the temperature of the sample, and 4 is an exponential coefficient—is applied over

the temperature range of interest. Since an Arrhenius model becomes increasingly inaccurate in
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describing changes in viscosity for amorphous materials as the temperature range increases, the
temperature range studied was divided into three smaller ranges over which In k vs 1/T was
determined to be roughly linear (Figure 3.3b). From these smaller temperature divisions, an

activation energy range of 67—85 kJ/mol was calculated as per Eq. (3.2).

a) ,. b) ,_
' = *
) o Linear Fit (30-45°C) Ao, =12Pa’s
- - -~ Linear Fit (40-60°C) - Pa*
— - — Linear Fit (50-70°C) My 5.3 Pa’s
—_ 14 — 14
& o
e ol o n, = 1.3 Pa’s
£ IS P
£ & A n,=0.56 Pa*s
c 19 c 14 5 0
2 e 0.005wt% CNT 2 e 0.005wt% CNT
= Neat EPON 828 = Neat EPON 828
. Neat EPON 828 [140] s Neat EPON 828 [140]
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Figure 3.3 — a) Zero-shear viscosity for the 0.005 wt% CNT mixture compared to neat EPON 828. The data points
are the measured viscosities and solid line is from the manufacturer [140]. The shaded region denotes the studied
temperature range. b) The temperature dependence of viscosity was examined by using linear fits over three narrow
temperature ranges. Activation energies are computed from the linear best-fits using Eq. (3.2).

3.4.2 Activation Energy of CNT Rotation

Alignment experiments were performed at various electric field strengths and
temperatures. An example of one of these experiments at 300 V/cm is given for select
temperatures in Figure 3.4. Exponential decay functions are fitted to the intensity-time data
according to Eq. (2.2). As seen in Figure 3.4b, the initial rate of change of the G-band intensities
(normalized to ¢ = 0) increases with temperature. This corresponds to decreasing time constants
as temperature is increased: T(22°C) > t(33°C) > 7(51°C). However, the data appear to
approach a similar asymptotic value regardless of temperature, i.e. A,(22°C) = A;(33°C) =

A, (51°C).
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Figure 3.4 — a) Change in the CNT G-band intensity (normalized to ¢ = 0) over time at select temperatures. The
electric field strength was 300 V/cm for all samples. b) Exponential decay functions have been fitted to the data at

each temperature. The intersections of the best-fits with each dotted line represent equivalent points of alignment
across the samples.

To compare data from different samples, rate constants k are compared at equivalent
values of I,om (i.€. where the dotted lines intersect the best-fit functions in Figure 3.4b). Rate
constants are determined from the slopes of the best-fit functions for a given /,om at the various

temperatures according to

Alnorm (8)
dt

where I,orm(?) 1s the normalized intensity at a certain time ¢ during the alignment process. These

(33) k=

rate constants are related to temperature by the Arrhenius equation
(34) Ink= (_Ea/RT) +1n4,

and the results are shown in Figure 3.5. Each plotted dataset corresponds to a normalized
intensity value and represents an equivalent point during the alignment process across all studied
temperatures.

Activation energies are computed from the slopes of the linear best-fits. The process was
repeated for a range of electric field strengths (200-700 V/cm), and the results are collected in

Figure 3.6. The activation energy range determined for the viscous flow of the polymer is also

shown.
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Figure 3.5 — Rate constants determined at several normalized intensities (indicated in the inset by the dotted lines)
for all 300 V/cm experiments. The slopes of the linear best-fits are related to the activation energy through Eq.
(3.4).
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Figure 3.6 — Activation energy of the change in Raman CNT intensity for the studied electric field strengths. The
activation energy of the viscous flow of EPON 828 is plotted for comparison. Error bars denote three sigma
confidence intervals.
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3.4.3 Shear Viscosity Dependence of CNT Rotation

Due to the change in free volume of the polymer coils with temperature, an Arrhenius
model assuming a constant activation energy becomes increasingly inaccurate over larger
temperature ranges. To describe the change in viscosity with respect to temperature, a Vogel-

Fulcher model given by [141]
- _ B
(3.5) logn A+ /(T ~T)

i1s commonly used. However, this approach, although reducing the margin of error, still
indirectly relates the speed of CNT rotation to the composite viscosity through temperature.
Instead of the indirect comparison through temperature, a more straightforward analysis would
be to compare the speed of CNT rotation directly to the composite viscosity.

The speed of CNT rotation can be determined by relating the electrostatic-induced torque

T to the rotational friction coefficient { by [75]

—

-~ Tg
(3.6) w= a,
where w is the angular velocity of a CNT. For a continuum model, the rotational friction
coefficient for a CNT can be related to that of a thin rod [124,142] according to
L3

3[in (3 -v)

where r is the radius of the rod and y is a correction factor. Combining Egs. (3.6) and (3.7)

3B.7) =

shows that the magnitude of the speed of rotation will be inversely proportional to the shear

viscosity:

31g L 1
(38) w= r)L3[n " y oc)7

Since w can be described by the rate of change in the polarized Raman intensity through the rate

constant &, an inverse relationship between k and 7 is expected. This is confirmed in Figure 3.7a.
Taking the natural log of each side of the equation results in a linear relationship between In k&

and —In 7,y as shown in Figure 3.7b.
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Figure 3.7 — A comparison of the rate constant k against the zero-shear viscosity of the mixture for the selected
electric field strengths. Data points were taken at an [, of 1.3.

3.5 Discussion

The activation energy for the change in the polarized Raman CNT intensity induced by
an electric field appears to fall within the bounds of the activation energy range determined for
the viscous flow of EPON 828 (Figure 3.6). This change in intensity is interpreted as the
average CNT rotation that occurs in response to an applied electric field. Furthermore, a direct
comparison of the speed of CNT rotation to the viscosity of the mixture (Figure 3.7) showed an
inverse relationship predicted by a continuum model. These results suggest that shear viscosity
serves as the controlling mechanism for CNT rotation, which is consistent with Stokes-Einstein
diffusion.

Using neutron scattering, a correlation between molecular weight and R, for DGEBA
resins has been determined [143]. The EPON 828 used in this study had a molecular weight of
380 g/mol, which yields an expected R, ~ 0.6 nm. The average diameter of the CNTs used in
this study was d,ve = 1.4 nm, which corresponds to daye ~ 2.5:R,. Based on this work and
previous theoretical and experimental analyses [126,131,138,139], it would therefore seem
feasible to apply the macroscopic phenomenon of shear viscosity to describe the primary
resistive force acting against electric field-induced rotation of CNTs. This finding indicates that

the manipulation of temperature (and indirectly the viscosity of the matrix) will have a direct
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effect on the rate of CNT alignment, which could prove useful in expediting the manufacturing
of CNT-reinforced composites cured at elevated temperatures.

Future work will attempt to analyze the effects of increasing polymer size relative to denr
in order to corroborate predicted [127] and experimentally determined [144] deviations from

Stokes-Einstein diffusion of nanoscale rods in which dp < dfr.

3.6 Conclusions

Using a newly developed polarized Raman spectroscopy technique for analyzing CNT
reorientation in real time, information regarding the speed of CNT rotation at various
temperatures was interpreted from the collected data. From this, an activation energy of CNT
rotation was calculated and compared with that of the viscous flow of EPON 828. Equivalent
activation energies imply a controlling mechanism of shear viscosity for CNT rotation, which
was confirmed through a comparison of the speed of CNT rotation to the composite viscosity.
This conclusion was explained by theoretical studies on the motion of rigid rods in polymer
melts. Knowledge of the controlling mechanism of CNT rotation may prove useful in the

manufacturing of aligned CNT composites with enhanced properties.
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CHAPTER 4
LENGTH DEPENDENCE OF ELECTROSTATICALLY INDUCED CARBON
NANOTUBE ALIGNMENT

4.1 Chapter Synopsis

In situ, real-time polarized Raman spectroscopy was used to measure electrostatically
induced carbon nanotube alignment in a polymer matrix. Discrete and reversible asymptotes of
carbon nanotube G-band intensity were observed as a function of the applied electric field
strength. It is proposed that as the electric field is increased, certain populations of carbon
nanotubes attain sufficient alignment energy to overcome the randomizing thermal energy of the
system. This is due to the alignment energy being a function of nanotube length. The effects of
processing parameters such as sonication on the degree of achievable alignment as well as its

implications are discussed.

4.2 Introduction

The ability to manipulate nanoparticles to tailor composite properties is a growing area of
interest [37,56,61,74,145,146]. The use of external electric fields is one method for controlling
carbon nanotubes (CNTs) in solution or in a polymer. Both AC and DC electric fields can result
in CNT alignment and in some cases network formation [61]. Network formation, which creates
conductive CNT filaments in an insulating polymer matrix, has been observed at concentrations
as low as 0.002 wt% [74]. Applications for the manipulation of CNTs with electric fields are not
limited solely to electrical properties. Due to the high anisotropy of nanotubes, electric field-
induced rotation can lead to aligned arrays of CNTs [56] that lead to improvements in composite
mechanical properties [37].

The study of CNT alignment induced by an electric field has been modeled [63,67] and
experimentally analyzed [75,76] as a function of electric field strength and frequency. In
response to an electric field, a dipole is created on the CNT surface. Nanotube rotation results

from the electrostatic torque exerted on this dipole. For a CNT to orient in response to an
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electric field, the alignment energy must exceed the thermal energy of the system (Ug > 2kgT)
[68—72]. This is validated by the observation of a minimum electric field strength for detectable
alignment of both multi-walled (46.5 V/cm) [73] and single-walled CNTs (150-163 V/cm)
[56,62].

The alignment energy is denoted as

(41) Ug= j T dO

where 7 is the electrostatically induced torque on the CNT and 6 is the angle between the
electric field direction and the long axis of the CNT (Figure 4.1). The torque can be expressed as
(42) T5=pxE = (s - E)XE = a,,E*sinf cos

where p is the CNT dipole in response to the electric field, E is the magnitude and direction of

the applied electric field, and «,, is the polarizability along the length of the CNT. Combining
Egs. (4.1) and (4.2) results in [68]

1
4.3) Ug= _EaZZEZ cos? 0.

It has been shown that the polarizabilities of dielectric rods have an L’ dependence [147,148];
this L proportionality is predicted to extend to CNTs [72,98,149]. Therefore, the alignment
energy of a CNT will also depend on L*.

n
>

=)

v

v

v

Electric field

Figure 4.1 — A CNT initially oriented at an angle 8 with respect to the electric field direction. The electric field
induces a torque 75 on the CNT.
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Current scalable CNT growth processes result in tubes that are length-polydisperse [125].
Within a single batch, individual CNTs will therefore have different alignment energies for the
same applied electric field strength. Correspondingly, electric fields of different strengths result
in different populations of nanotubes with enough alignment energy to overcome thermal
agitations. Different degrees of CNT alignment as a function of electric field strength have been
previously demonstrated in solution [76] and within a polymer [62] using real-time
measurements.

The length distribution of a batch of CNTs is one parameter that affects the degree of
alignment at a constant electric field strength. This length dependence has been shown
experimentally for multi-walled CNTs with transmission electron microscopy [150]. In addition
to the length-polydispersity that results from CNT growth, violent dispersion processing such as
sonication has been shown to shorten tube length through a scission process [151,152].
Sonication preferentially shortens smaller diameter [151,153] and longer tubes [151] down to a
critical length of ~120 nm [154]. The relation between the sonication energy and the resultant
average CNT length can be described by a power law [154]. CNT lengths follow a log-normal
distribution both before and after sonication [151]; increased sonication narrows the distribution
and shifts the mean to a shorter length. However, sonication does not significantly affect the
electronic structure of the nanotube outside of the CNT ends [155], which makes spectroscopic
techniques such as Raman spectroscopy viable tools for post-sonication analyses.

In creating aligned CNT composites for electrical and mechanical applications, CNT
length is an important variable that has a direct effect on the degree of achievable alignment.
Since CNT length distributions are affected by composite processing steps, the magnitude of
alignment will depend on the dispersion steps used. As a result, optimization of dispersion
processing and alignment needs to be considered together when making aligned nanocomposites
with enhanced properties. The aim of this study is to investigate the degree of electrostatically

induced alignment as a function of CNT length distributions.

4.3 Experimental
4.3.1 Sample Preparation
The materials, sample preparation, method of electrostatically inducing CNT alignment,

and real-time polarized Raman spectroscopy measurements were conducted as described in
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Chapter 2. A CNT concentration of 0.005 wt% was used for this chapter. The effect of

sonication energy (100-360 kJ) on nanotube length and the degree of alignment was analyzed.

4.3.2 Characterization

Polarized Raman spectra were collected using a WITec alpha300 R Confocal Raman
Microscope. A 532-nm laser was focused through 10x objective at a laser power of 2 mW.
Specifics of real-time polarized Raman spectroscopy are detailed in Chapter 2.
Samples were prepared for atomic force microscopy (AFM) by sonicating CNTs (0.005 wt%) in
an aqueous solution of sodium dodecyl sulfate (0.05 wt%) for selected sonication energies. 10
uL of solution were drop cast onto silicon substrates and then rinsed with deionized H,O. AFM
images were collected on an Asylum Research MFP-3D AFM operated under ambient conditions
at room temperature. This study used silicon tapping mode tips (Aspire CT300) with a resonant
frequency of 300 kHz, a spring constant of 40 N/m, and a radius of curvature of 8 nm. 5x5 um
scans were taken at a scan rate of 0.5 to 1.5 Hz. CNT lengths were computed by using the
scientific image analysis program ImageJ. Sampling sizes consisted of 300400 CNTs at each

sonication energy.

4.4 Results

The degree of alignment as a function of electric field strength was investigated.
Specimens were electrostatically aligned at a constant electric field strength. Normalized CNT
intensity was calculated as per Eq. (2.1). The I,om versus time plots (Figure 4.2a) were fitted
with exponential decay functions as detailed in Chapter 2. The asymptotes of these best-fit
functions are plotted with respect to the applied electric field strength in Figure 4.2b. No change
in CNT intensity measured with polarized Raman spectroscopy was observed at the lowest tested
electric field strength (100 V/cm). For electric fields above this minimum threshold, the

asymptote of /,om increases monotonically up to the highest studied electric field of 5000 V/cm.

41



o
N
N
»
]
o
~

2.6+

224

e/
o
LY

(Counts/Counts)
>
1 1
® ]
Plpl v,
%‘
)
[ ]
VoW
(J
¢
{ ]
..
Asymptote (Counts/Counts
&
1

2.0+

N
»
-

norm

N
N

1 L
[ ]

] 1100 V/em g 124 i
104 e 700 Vicm = 1 =
] A 300 V/cm 109 =
0.8 T T T T T T T T T T T T T ! 0.8 T T T T T T T T T T T
0 5 10 15 20 25 30 0 1000 2000 3000 4000 5000
Time (min) Electric Field (V/cm)
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The reversibility of I,o:m Was also investigated by varying the applied electric field
strengths for a single specimen (Figure 4.3). In Figure 4.3a, the electric field was increased as a
step function (from 300 V/cm to 700 V/cm to 1100 V/cm), and the corresponding changes of
Ihorm 1n response are plotted. Figure 4.3b shows two experiments in which the electric fields
were varied between selected electric field strengths (300 V/cm, 700 V/cm, and 1100 V/cm).
The same /,orm asymptotes were observed for a given applied electric field independent of the
prior electric field strength. The process of switching the electric field strength (from 300 V/cm
to 700 V/cm) was further explored over multiple cycles in Figure 4.4. The discrete values of
Ihom as a function of the applied field are reproducibly attained through nine cycles at the field

strengths tested.
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Figure 4.4 — The electric field was cycled between 300 V/cm and 700 V/cm as shown. [, values reproducibly
reach the average asymptotes given by the solid lines with no obvious hysteresis.
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AFM was conducted to determine the length distributions of the studied CNTs as a
function of sonication energy. To take these measurements, CNTs were affixed to silicon
substrates after the sonication process by drop casting. The CNT concentration (0.005 wt%) was
low enough to avoid artificially creating bundles from CNT stacking during the evaporation
process. A typical AFM image is shown in Figure 4.5 for a sonication energy of 100 kJ. Since
CNTs lie flat along their lengths to maximize contact with the substrate, AFM height profiles
correspond to the combined diameter of the CNT and any surfactant wrapped around its exterior.
Surfactant wrapping will have a minimal effect on the overall length of the nanotube. Height
profiles were between 1-2 nm, which match the diameter range of the manufacturer. The
resultant CNT length distributions were fitted with log-normal functions (Figure 4.6). As
sonication energy increases, the log-normal distributions narrow, and the average nanotube

length decreases.

Figure 4.5 — AFM image of CNTs exposed to 100 kJ of sonication energy.
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The effect of sonication energy on the asymptote of /,om 1S presented in Figure 4.7. With
increasing sonication energy, which corresponds to decreasing CNT length, the onset of a change
in the measured G-band intensity shifts to higher electric field strengths. For the four sonication

energies studied, the asymptotes of /,orm appear to converge for the higher electric field strengths
(E>2500 V/cm).
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4.5 Discussion
4.5.1 Length Dependence of CNT Alignment

Using polarized Raman spectroscopy, the intensity of characteristic CNT spectral
features is shown to increase with electric field strength (Figure 4.2). The different asymptotic
values are interpreted as discrete levels of alignment for different electric field strengths. The
existence of discrete levels of alignment is further demonstrated in Figure 4.3. For the applied
electric fields studied, a corresponding asymptote of /,om 1S reproducibly achieved regardless of
the previously applied field. The asymptote independence of the electric field history is further
demonstrated in Figure 4.4, which shows no discernible hysteresis through nine cycles of electric
field switching for the electric field strengths investigated. It is important to note that these
trends may not apply to higher electric field strengths in which greater degrees of CNT
translation may affect the degree of alignment.

To relate the discrete asymptotes of I,om to different populations of CNTs aligning as a

function of electric field strength, an electrostatic potential energy model is employed. The
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electrostatic potential energy of a CNT is expected to demonstrate a length and electric field
dependence according to

(44) Uy < L?E?.

Thus, depending on the applied field strength, nanotubes of different lengths will possess the
alignment energy necessary to overcome the thermal fluctuations of the system and induce
alignment. As E increases, additional subsets of CNTs with shorter lengths will cross over the
energy threshold necessary to generate alignment.

To test this hypothesis, samples with different CNT length distributions were created by
applying different amounts of sonication energy during the dispersion process. The effect of
sonication energy on distribution of CNT lengths was analyzed via AFM. As shown in Figure
4.6, the distributions narrow and shift to shorter average lengths with increasing sonication
energy. The mean lengths determined from AFM follow a power law with respect to sonication
energy with a power exponent of m = 0.43, which falls within the expected range (0.4 <m < 0.5)
for short CNTs (L <1 um) [154]. Furthermore, the ratio of the D-band to G-band intensities—a
qualitative indication of the degree of CNT damage [156]—remained roughly constant for the
sonication energies studied.

The effects of CNT length on the observed alignment are shown in Figure 4.7. As
sonication energy is increased, the average CNT length decreases. In accordance with the
electrostatic potential energy model, the electric field threshold required to induce alignment
shifts to higher field strengths as CNT length decreases. However, the values for the asymptotes
of Iorm begin to converge at higher electric field strengths although the trend of decreasing
alignment with increasing sonication remains. This observation is potentially explained through
the length distributions generated from sonication. The larger fraction of shorter CNTs in the
more highly sonicated samples require higher electric field strengths to align. Nonetheless, the
similar levels of alignment at the higher values of £ suggest most of the shortest CNTs produced
from sonication still align at sufficiently high field strengths, and the less sonicated samples

demonstrate diminishing returns in the measured CNT alignment at lower electric field strengths.
4.5.2 Electrostatic Potential Energy Best Fits

To relate the changes in the observed asymptotes for lhom in Figure 4.7 to CNT length, a

relationship between L and £ was derived based on the electrostatic potential energy model. The
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intensity of the CNT Raman signal as a function of electric field strength will be proportional to

the sum of all CNT lengths for which Ug > 2kgT, which can be written as

[oe]

(45) I(E)=A j LP(L)dL

Lo
where L is the minimum length for which a CNT will align, P(L) is the probability distribution
function (PDF) of CNT length for a given sonication energy, and 4 is a coefficient that depends
on the number of CNTs within the excitation volume and the laser power. The PDFs of length

(determined in Figure 4.6) are described by a log-normal distribution:
(/)
_< /20-2
e

where B is a coefficient, o is the standard deviation of the function, and L, is a parameter related

(4.6) P(L) =

2mol

to the peak center. The lower bound where the electric field alignment energy Uy is sufficient to
overcome thermal randomization is determined by
(4.7) Uy = al?E? = 2kgT.

Thus, the minimum length necessary to induce alignment at a constant £ is

2 |ksT
48) Ly== [2—.
48) Lo=% |—

Combining Egs. (4.5), (4.6), and (4.8) results in

lrl(L/Lc)z/

49) I(E)=C j e_( 2”z)dL,

where C is a normalization coefficient that is dependent on the Raman intensity coefficient 4 as
well as the length distribution function coefficient B and standard deviation o.

Using Eq. (4.9), the change in /,,,m as a function of electric field strength for the length
distribution functions (as determined in Figure 4.6) is fit to the polarized Raman data in Figure
4.7, and the results are shown in Figure 4.8. The parameters C and a were fit to minimize the
least squares difference between the experimental model and the calculated intensity from Eq.

(4.9). The fitted polarizabilities a for each sonication energy were between 1.7-2.1:10~" F-m?,

48



which falls within the range determined for single-walled CNTs (10*~107* F-m?)
[70,71,75,98,106,157].
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Figure 4.8 — Best fits for the experimental data in Figure 4.7 as calculated from Eq. (4.9). Fits were created using
the log-normal length distribution functions determined in Figure 4.6.

The length dependence of CNT alignment induced by an electric field has important
implications in the creation of aligned CNT composites and demonstrates the interconnected
nature of the various processing steps for producing aligned composites. Dispersion processes
such as sonication are necessary for the homogenous distribution of CNTs throughout the matrix.
Higher sonication energy yields increased dispersion but also progressively shortens the CNTs.
This in turn has a direct effect on the degree of electrostatically induced CNT alignment as
shown herein. It is therefore imperative that the various processing steps be considered together

during the manufacturing of nanocomposites.
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4.5.3 Length Dependence on Speed of CNT Rotation

In addition to the length dependence of the degree of alignment, the speed of nanotube
rotation will also depend on its length. It has been shown that the rotational friction ({3)
experienced by a CNT undergoing forced rotation in EPON 828 can be described by a
continuum model [105] (see Chapter 3). Therefore, the rotational friction coefficient can be
related to that of a thin rod [124,142] according to Eq. (3.7). At high aspect ratios, the rotational
friction collapses to an L dependence.

Based on the length dependence of the resistance, it follows that shorter tubes will rotate
faster than longer ones. This prediction is verified by the data presented in Figure 4.3b. From
the alignment energy model used here, progressively longer CNTs will unalign as the electric
field strength is decreased. Thus, the nanotubes for which Ug < 2kgT as the electric field is
reduced from 1100 V/cm to 700 V/cm will be shorter in length than those from 700 V/cm to 300

1100 V/cm
700 V/cm

700 V/cm

Viem (L| 300 V/cm

< L] ). The time it takes /,om to approach an asymptote (as

determined by FE) increases as E decreases, which corresponds to the slower rotational diffusivity

of longer nanotubes.

4.6 Conclusions

From real-time, in situ polarized Raman spectroscopy measurements, the degree of
electrostatically induced alignment of CNTs was shown to be a function of the applied electric
field strength. It was theorized that the discrete levels of alignment achieved at different field
strengths result from the length distributions of processed CNTs. This was confirmed in the
observations of reduced degrees of alignment for more highly sonicated (shorter) CNTs. A
mathematical description of the electric field-dependence of CNT polarized Raman intensity for
different length distributions was created. Based on an electrostatic potential energy model, the
best fits to experimental data yielded a polarizability of the studied single-walled CNTs on the
order of 10™' F-m?, which agrees with reported literature values. The demonstrated length
dependence of alignment has important implications in the creation of aligned structures. Due to
the effects of growth and dispersion processes on nanotube length, all three steps need to be

considered in parallel when producing aligned composites.
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CHAPTER 5
ELECTROSTATIC ALIGNMENT OF CARBON NANOTUBES WITHIN CARBON
FIBER COMPOSITES

5.1 Chapter Synopsis

Nanoparticle additions to carbon fiber reinforced plastics (CFRPs) are a growing area of
polymer composite research. Controlling carbon nanotube alignment within the composite
structure has the potential to take greater advantage of nanotube toughening and strengthening
mechanisms. With applied electric fields, we show the ability to generate localized areas of
increased electric field strength within the gaps between carbon fiber tows, which lead to
increased levels of CNT alignment in those areas. These measurements have been correlated
with COMSOL modeling. This finding could potentially lead to the development of CFRPs with

CNT additions that selectively enhance the composite properties in the polymer matrix.

5.2 Introduction

A growing area of interest in nanotechnology is the control of nanoparticulate material to
improve polymer composite mechanical and electrical properties [37,56,61,74,145,146]. One
commonly employed method for manipulating carbon nanotubes in a polymer is with an applied
electric field. By taking advantage of the anisotropy in their electric polarizability, it becomes
possible to induce nanotube reorientation to create aligned arrays of CNTs [56]. Precise control
of nanotube alignment is an important factor in creating nanocomposites with enhanced electrical
and mechanical properties. Nevertheless, as composite research shifts toward the inclusion of
nanoparticulate material, the industrial applications are limited outside a few niche products such
as sporting goods and wind turbine blades [158]. The added material and processing costs [159]
as well as the variability in the resulting composite properties [10] have prevented wide-spread,
scaled-up manufacturing of CNT-polymer composites for structural applications.

Carbon fiber composites are replacing traditional materials in a variety of applications in

the sports equipment, aerospace, and automotive industries. Small additions of CNTs to carbon
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fiber reinforced plastics have been shown to improve toughening of the matrix by hindering the
formation of cracks at the carbon fiber/matrix interface [160]. Furthermore, nanotube
reinforcement aids in the resistance to delamination from crack propagation through a crack
bridging mechanism of fiber pullout [161,162]. Although several reports find little to no benefit
to the composite modulus from the addition of CNTs [160,162,163], the use of functionalized
CNTs has been shown to improve the modulus of CFRPs [164]. Several reports also
demonstrate that the inclusion of CNTs has a similar ameliorative effect on the toughness and
modulus in glass fiber reinforced composites [28,165].

Due to their anisotropy, CNT orientation is an important factor in the resultant
properties—such as interlaminar shear strength [166]—of hybrid composites. However,
generating CNT alignment within a CFRP may prove difficult. Due to the rotational diffusivity
of the particles, CNTs will unalign if the alignment force is not maintained during the curing
process [62]. For resins requiring thermal cures, this phenomenon represents a limitation for
mechanical shear alignment methods such as extrusion. Furthermore, alignment via magnetic
fields has proven impractical for pristine nanotubes due to their low magnetic susceptibility
[64,65]. Affixing ferromagnetic particles to the surface of CNTs has resulted in nanotube
alignment at lower magnetic field strengths [53]. However, this method involves additional
processing steps that affect the nanoparticle-matrix interface.

Electric fields have proven effective in aligning CNTs at electric potential gradients
greater than ~100 V/cm [62] and have the advantage of being applied continuously during a
curing process. Within a carbon fiber composite, an otherwise uniform electric field between
two parallel plates is distorted near the conductive carbon fibers. This is due to the high
conductivity of carbon fiber for which the potential drop across the fiber is essentially zero.
Capitalizing on this phenomenon, this work demonstrates the ability to electrostatically align
CNTs to different degrees within a carbon fiber composite, which offers the possibility of

selectively enhancing specific parts of the composite structure.

5.3 Experimental
5.3.1 Materials
The materials, sample preparation, method of electrostatically inducing CNT alignment,

and real-time polarized Raman spectroscopy measurements were conducted as described in
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Chapter 2. A CNT concentration of 0.01 wt% was used for this chapter. Carbon fiber (HexTow
AS4, 12,000 filament) was provided by the Hexcel Corporation. For the specimens created
using carbon fiber, the unsized, untwisted tows were partitioned in half (~6,000 filaments) and
cut into 10 mm segments. For the fiberglass composites, 5 wt% of chopped E-glass fibers (d =
13 um, L = 6.4 mm) with silane sizing from Fibre Glast was added to the CNT-EPON 828
mixture and randomly dispersed by hand.

To create the polymerized specimens, the CNT-EPON 828 mixture was hand mixed with
mPDA at a ratio of 7:1 by weight, cured at 75°C for 2 hours, and post-cured at 125°C for 2 hours.
CNT alignment was induced with electric fields generated by an Agilent 33500B series
waveform generator and a Trek model 2220 high voltage amplifier. All waveforms were
sinusoidal with a frequency of 1 kHz. An electric potential of 900 V generated on parallel-plate
aluminum electrodes with a 30-mm spacing was maintained throughout the cure and post-cure
steps. Polymerized samples were ground to the carbon fiber tow mid-plane and polished to a

1200 grit finish.

5.3.2 COMSOL Modeling

Modeling was performed with COMSOL Multiphysics version 5.2a. Copper electrodes
were modeled with a spacing of 30 mm. The length of the electrodes was made sufficiently long
(greater than 10 times the electrode gap) so as to eliminate edge effects [167]. The electrodes
were submerged in a dielectric medium with the material properties (viscosity, permittivity, and
density) of EPON 828. Carbon fiber tows were approximated as cylinders with a length of 10
mm and a diameter of 1 mm,; its material properties were provided by COMSOL. The carbon
fiber tows were positioned halfway into the polymer, which had a height of 10 mm.

The electrostatics module was used to model the electric field throughout the EPON 828.
A potential of 900 V was applied across the electrodes. An extremely fine mesh was used to
divide the modeled components into 4,248,680 finite elements. From the computed results, mid-
plane slices of electric field strength in the x-direction were taken. The relative electric field
strength was computed by normalizing the calculated electric field at a given point to Ey = V/d,
where V' is the applied potential on the parallel plates and d is the distance of separation between

them.

53



5.3.3 Characterization

Raman spectra were collected using a WITec alpha300 R Confocal Raman Microscope.
A 532-nm laser was focused through a 10x objective at a power of 2 mW. The polarizations of
incoming and scattered light were controlled via two wave plates and are denoted by HH or VV
scattering geometries (where H is parallel to the electric field direction and V is perpendicular to
it). In this notation, the first letter denotes the polarization of the incoming light and the second
letter corresponds to the polarization of the scattered light. The ratio of the scattering intensities
of orthogonally polarized light (denoted as the HH/V'V ratio) is a metric often used to
qualitatively assess the degree of CNT alignment with polarized Raman spectroscopy [115].
Scattered light was collected via backscattering, and the integration time per spectrum was 30
seconds. The prominent spectral features of the CNT-EPON 828 mixture from 1550-1650 cm™
were fitted with Lorentzian functions as described previously [62]. The height of the Lorentzian
centered at 1592 cm™ was used as the G-band intensity. To compare spots tested at various
points across the specimen, this value was normalized with respect to an EPON 828 spectral

feature located at 824 cm™ according to

1592 II?I%-I‘L

(5.1) HH/VV = 11592/1824

where 11292 is the intensity of the CNT G-band determined by the fitted Lorentzian height and
1824 is the intensity of the EPON spectral feature centered at 824 cm™; the polarization directions

are denoted in the subscripts.

5.4 Results
54.1 COMSOL Maps

The relative electric field strength around conductive carbon fibers in an insulting
polymer matrix was modeled using COMSOL, and the results are shown in Figure 5.1. For fiber
tows oriented parallel to the electric field direction (Figures 5.1a—), the COMSOL models
predict regions of increased electric field strength near the fiber ends and decreased electric field
strength along the length of the tows. The electric field strength within the conductive tows
approaches zero. When the carbon fiber tows are oriented perpendicularly to the electric field
direction (Figure 5.1d), small regions of increased electric field strength are expected along the

lengths of the tows with small regions of decreased electric field strength at the tow ends.
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Figure 5.1 - COMSOL models for the expected relative electric field strengths around the various configurations of
carbon fiber tows between two parallel-plate electrodes. The polarization directions for the Raman measurements
(H and V) are noted.

5.4.2 Polarized Raman Spectroscopy

The degree of CNT alignment has been shown to be a function of electric field strength
[62,168]. Polarized Raman measurements of an electrostatically aligned, polymerized CNT-
EPON 828 specimen (without carbon fiber), yielded an average HH/V'V ratio of 1.79 (standard
deviation of 0.09), which is consistent with prior findings [62]. Although some scatter exists for
these values, no obvious systemic trends in the HH/V'V ratio based on location were observed
(Figure 5.2) as is expected for a roughly uniform field between two parallel-plate electrodes.
Similar results were observed for the tested polymerized plaques when E-glass fibers were
incorporated into the matrix. This demonstrates that the non-conductive fibers had little impact

on the degree of CNT alignment induced by an electric field.
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Figure 5.2 — HH/VV values calculated from the polarized Raman data overlaid with the COMSOL model of the
relative electric field strength between the two parallel plate electrodes.

Aligned, cured composite plaques with carbon fiber tows were subsequently created. The
COMSOL models shown in Figure 5.1 were generated to approximate the geometry of these
plaques. Polarized Raman spectroscopy measurements made on the cured plaques are overlaid
with the COMSOL models and presented in Figure 5.3. For a single carbon fiber tow (Figure
5.3a), HH/VV ratios increase near the end of the tow. Near the midpoint of the fiber tow, the
HH/VYV ratios are ~1. Moving away from the tow perpendicularly to its long axis, the HH/VV
values approach the average ratio of 1.70 (standard deviation 0.06) for the plaque. For the two-
tow system with a gap between them shown in Figure 5.3b, similar trends in the HH/V'V ratios
are seen. Larger increases in the HH/V'V ratios are demonstrated in the tow gap than for the one-
tow system in Figure 5.3a. Similar trends are observed in the three-tow system shown in Figure
5.3c. Increased HH/VV values are demonstrated in the tow gap near the fiber ends, and the
regions between the two shorter tows and the longer parallel tow (but outside the tow gap) yield

HH/VV values close to 1.
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In Figure 5.4, two carbon fiber tows were oriented perpendicularly to the electric field
direction. The regions of increased electric field strength are smaller and weaker than for the
parallel systems shown in Figure 5.3. The polarized Raman data imply small increases in
alignment in the vicinity of the fiber tows. HH/VV values for points midway between the

parallel tows approximate those located away from the fibers where Ey = V/d.
Relative
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Figure 5.4 — COMSOL model for carbon fiber tows oriented perpendicularly to the electric field direction overlaid
with HH/VV values calculated from the polarized Raman data. The polarized Raman spectra were collected for
excitation volumes within 100 um of the carbon fiber tows.

5.5  Discussion

The average degree of CNT alignment measured with polarized Raman spectroscopy on
the polymerized plaques without carbon fibers matches that previously reported for alignment
measurements made in real time in a polymer melt [62]. For the plaques that incorporate carbon
fiber tows, the average HH/V'V values for the regions where the electric field is negligibly
influenced by the conductive fibers also closely match that for the systems without carbon fibers
(Table 5.1). Furthermore, a similar level of alignment was also shown for CNT composites with
randomly dispersed and oriented E-glass fibers. Due to their low electrical conductivity, the
glass fibers did not significantly affect the electric field and the resulting electrostatically

induced alignment of the nanotubes. It would therefore appear feasible to create electrostatically
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aligned CNT/glass fiber polymer composites that take advantage of the strengthening and

toughening effects of both types of reinforcement.

Table 5.1 — Average HH/VV values for the points sampled outside the regions when the electric
field is influenced by the carbon fiber tows.

Specimen Average HH/VV | Standard Deviation
No fibers 1.79 0.08
Glass fibers 1.79 0.10
One tow — parallel (Figure 5.3a) 1.70 0.06
Two tows — parallel (Figure 5.3b) 1.79 0.09
Three tows — parallel (Figure 5.3¢) 1.74 0.10
Two tows — perpendicular (Figure 5.4) 1.74 0.07

For CNT/carbon fiber composites, spatial variations in the electric field strength exist. In
response to the applied electric field, electrons redistribute within the conductive carbon fiber.
This results in a buildup of charge on the fiber surface that cancels out the electric field within
the fiber (i.e. £=0) [169]. Local charge accumulations proportional to the number of free
electrons that shift in response to the strength of the applied field lead to a differential electric
field. Assuming a surface distribution of charge on the carbon fiber, the differential electric field

is denoted by [169]

Ps

d !
4meyR? S

(5.2) dE=R

where R is the vector normal to the differential surface ds’, p; is the surface charge density, & is
the permittivity of free space, and R is the distance from the surface s’ (Figure 5.5). Integrating
over the surface gives the total electric field strength at a distance R away from the surface
according to

Ps

—-ds’.

4me, J,, R?

(53) E=
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Figure 5.5 — Schematic detailing the differential electric field dE resulting from the differential surface ds’ at a point
a distance of R from the carbon fiber surface.

This results in localized regions of increased electric field strength near the tow ends for
fibers parallel to the electric field direction (as seen in Figure 5.1a). These predictions are
confirmed with polarized Raman data (Figure 5.3a) that demonstrate increased levels of
alignment near the tow ends that decrease with distance to the alignment values expected for
Ey="Vsd,. Although the degree of CNT alignment in the vicinity of the tow ends is increased, it
is lower than the alignment expected for the predicted electric field strengths as determined
previously [62]. This could potentially result from the long electric field exposure times at
elevated temperatures during the curing process. In addition to aligning, CNTs translate to form
conductive networks in response to an applied electric field of sufficient magnitude [61], a
phenomenon that would be exacerbated by the decreased composite viscosity. Furthermore,
because of the spatially non-uniform electric field around the carbon fibers, the dielectrophoretic
force will cause the CNTs to move to regions of higher or lower electric field strength depending
on their polarizability [170,171]. These competing phenomena may explain the discrepancies
between the expected alignment using the COMSOL model and that calculated from the
polarized Raman measurements. Additional work may help to elucidate the observed
discrepancies between these two measurements.

Carbon fiber-assisted CNT alignment in the gaps of discontinuous fibers (Figure 5.3b)

may prove to be beneficial to the mechanical properties of the composite. In a CFRP, these
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regions of the matrix are areas of load transfer in the polymer between fibers. CNTs aligned
within these regions due to the enhanced local electric fields could selectively strengthen the
polymer matrix where the carbon fibers do not reach. One potentially problematic issue with this
idea could arise from the parallel, neighboring tows in a carbon fiber weave (Figure 5.3c). In
this scenario, the regions of increased field strength near the tow ends and decreased field
strength along the tow lengths are intersecting. However, increased alignment is still observed
near the tow ends for the studied system in Figure 5.3c. Furthermore, the regions of increased
field strength are still predicted to exist by COMSOL modeling for distances of separation
between neighboring fibers down to the smallest modeled gaps of 0.2 tow diameters. This has
not yet been experimentally verified.

Carbon fiber-assisted CNT alignment may also prove advantageous for nanotube
orientations perpendicular to the tow direction. Selective alignment of CNTs between and
perpendicular to carbon fibers may further enhance the toughening of the composite. “Stitching”
these regions of the matrix with aligned CNTs may aid in resisting crack propagation more fully
than for a random distribution. Another potential application for electrostatically aligned CNTs
may be as interlaminar reinforcement. The interlaminar alignment of graphene nanoplatelets has
been demonstrated by using conductive carbon fiber/epoxy laminae as electrodes [172]. Using
this type of setup, it may be feasible to selectively induce CNT alignment normal to the carbon
fiber laminae. Based on previous studies in hierarchical composites [173,174], CNT alignment
in this direction is anticipated to resist delamination in a similar manner to z-pinning. These

hypotheses all require experimental validation.

5.6 Conclusion

The effects of glass and carbon fibers on CNT alignment in a thermosetting epoxy resin
via an electric field were studied. Glass fibers were determined to have no effect on the
predicted and measured alignment of CNTs. For carbon fibers, regions of non-uniform electric
field strength were modeled using COMSOL for various orientations of the conductive carbon
fiber tows. Electrostatically induced CNT alignment within a cured epoxy plaque calculated
from polarized Raman spectroscopy corroborated the models showing regions of increased and

decreased electric field strength. In the development of hierarchical composites, selectively
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aligning CNTs in certain locations within CFRPs offers a potential way to enhance specific
mechanical properties.

Mechanical testing planned as future work will explore the potential improvements to the
composite properties from the electrostatic alignment of CNTs. Microhardness testing is being
used to probe the hardness of the composite based on the sample location relative to a carbon
fiber tow. The feasibility of additional testing using ultrasound or Brillouin scattering is being
investigated as methods to determine the composite modulus in these regions of interest.

Ultimately, the mechanical property enhancements achieved from the alignment of CNTs
may be difficult to assess at the concentrations used in this study. Even with perfect CNT
alignment and load transfer, the predicted increases in the composite modulus in the alignment
direction from 0.01 wt% CNT additions (as used in this chapter) are ~3% as calculated from the
rule of mixtures. Imperfect alignment will clearly decrease this expected value. Furthermore,
due to the poor load transfer between non-functionalized CNTs and many polymer matrices,
carbon fiber/CNT composites in several studies have shown little to no impact on the composite
modulus from the inclusion of pristine CNT additions [160,162]. Since the functionalization of
CNTs disrupts their electronic structure [12,27,28], pristine CNTs are required for alignment via
electric fields.

For electrostatically induced alignment, the CNT concentration is limited from the low
percolation threshold of rods. The percolation threshold (®.) is roughly related to a rod’s aspect
ratio by @, ~ d /L [175], and this relation has been extended to CNTs [176]. When applying an
electric field, @, decreases to even lower values due to the alignment and translations of CNT
[177]. This process is often described as dynamic or kinetic percolation and restricts the CNT
concentration to ~0.1% for CNTs where d is ~1 nm and L is ~1 um. Above the percolation
threshold, conductive CNT networks exist within the insulating polymer matrix. These networks
hinder the application of electric fields with a parallel plate setup by freely conducting current

through the material.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

Due to large anisotropy of high aspect ratio carbon nanotubes, the mechanical and
electrical properties of CNT-polymer composites will depend in part on the degree and direction
of CNT alignment. With the lack of data on CNT alignment dynamics in polymers taken in real
time, this thesis sought to develop a real-time technique for assessing CNT alignment in a
polymer for composite applications. It was determined that polarized Raman spectroscopy was
well suited for these measurements because spectra can be taken in situ and non-destructively
during the alignment process, distinguish CNT spectral features at low concentrations from the
polymer matrix, and have integration times relevant to the kinetics of nanotube alignment.

With this real-time, in situ polarized Raman spectroscopy technique, analyses can be
made of the many factors affecting the degree and speed of electrostatically induced alignment in
a polymer. Predictions of faster alignment at higher field strengths (due to an increased
electrostatic torque) were confirmed with real-time measurements. As another advantage of this
technique, measurements were taken on aligned samples after the removal of the applied electric
field. The decrease in the polarized CNT signal was interpreted as the loss of alignment from the
rotational diffusion of the nanoparticles. It is therefore imperative that CNT alignment be fixed
in place (through a polymerization process in a thermoset, by dropping below the 7, in a
thermoplastic melt, etc.) before removing the aligning force. This notion extends to other
methods of alignment including magnetic fields and mechanical shear.

The effects of polymer viscosity were also investigated, and it was found that the
rotational mobility of the CNTs in this study followed a continuum model (i.e. the rotational
friction is directly proportional to the composite melt viscosity). Consequently, with knowledge
of the temperature dependence of the melt viscosity, the speed of the alignment process can be
controlled through the temperature of the mixture. This information is potentially beneficial

when the alignment process is the rate-dependent step.
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CNT length was determined to be another important parameter in the degree and speed of
electrostatically induced alignment. The discovery of different asymptotes in the polarized
Raman intensity of CNT spectral features as a function of the applied electric field strength was
interpreted as discrete levels of CNT alignment. Using an electrostatic potential energy model,
distinct and reproducible asymptotes were shown to be a result of the length distributions of the
dispersed CNTs. The implications of this finding demonstrate the importance of considering all
processing conditions when creating aligned CNT-polymer composites with enhanced properties.
Ongoing work also intends to study the effects of the intrinsic polarizability of a nanotube on its
alignment under an applied electric field.

CNT alignment within a carbon fiber composite was also considered. Based on
COMSOL modeling, regions of increased relative electric field strength were predicted to exist
near the conductive carbon fibers depending on their orientation with respect to the electric field
direction. These predictions were corroborated with polarized Raman spectroscopy
measurements that showed trends in the observed alignment consistent with the models. The
advantages of selectively aligning CNTs based on their location relative to carbon fibers was
discussed in terms of their toughening and strengthening mechanisms. Ongoing work seeks to
determine the impact of this alignment on the resultant composite mechanical properties.

Based on the findings presented in this thesis and in related works [56,61,74,145], it
appears that the alignment of CNTs with electric fields may prove more beneficial for electrical
applications. The ability to manipulate CNTs into higher order structures and separate them
based on chirality by using their dielectrophoretic mobility seem particularly useful for the
electronics and semiconductor industries. Because of the deleterious effects of functionalization
on the electronic structure of a CNT, electrostatically induced alignment of functionalized CNTs
is extremely limited. This requires the use of pristine nanotubes for alignment under applied
electric fields. Since pristine CNTs typically bond weakly with most polymer matrices, this
requirement sacrifices the matrix-CNT interface. The load transfer through the interface is
crucial to most mechanical properties and will therefore restrict the use of electric fields in the
creation of aligned CNT-polymer composites for structural applications. However, ongoing
work performed by colleagues is currently analyzing CNT alignment dynamics using magnetic

fields and mechanical shear, which do not necessarily preclude nanotube functionalization.
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Nonetheless, mechanical testing is presently being performed to test the effects of
increased CNT alignment near carbon fiber tows. To further investigate the feasibility of
applying this technique to CFRPs, woven carbon fiber laminates with electrostatically aligned
CNTs will need to be created. Testing for potential improvements to composite toughness or
interlaminar shear strength should indicate the impact of selectively aligning CNTs in these
regions. Brillouin scattering may also be an effective tool for these analyses since it has been
used previously to measure the modulus of carbon fiber-reinforced polymer composites [108].
The experimental setup of Brillouin spectroscopy also shares many of the same advantages of
Raman spectroscopy in non-destructively testing specimens with high spot size resolution.

For assessing the compatibility of the reinforcing CNTs with the polymer matrix, Raman
spectroscopy has proven to be a viable technique. By monitoring shifts in the spectral center of
the CNT 2D-band (Figure 1.4a), load transfer between the matrix and the CNTs can be
quantified. It has been shown that straining the lattice of CNTs either in tension or compression
results in a frequency shift of the 2D-band [178—182]. A comparison of this shift to the known
strain of the material can thus give an indication of the degree of load transfer.

Expanding on the work in Chapter 3, valuable insight could be gained concerning the
mobility of CNTs dispersed in larger polymers where R, > dcnt. In these systems, CNTs may
show deviations from microscale diffusion behavior similar to other studied nanorods [144,183].
While the longitudinal translational mobility of CNTs (Figure 3.2) may be expected to show
these deviations, we believe that CNT rotation may be more akin to its transverse translation in
which the length is the dimension of import. At this scale, a continuum model would accurately
describe CNT rotation in most polymers, and the speed of rotation would be inversely
proportional to the composite viscosity. Additional experiments are needed to test and confirm
this hypothesis.

One advantage of Raman spectroscopy that was not explored in this thesis is the
capability of resolving nanotube chirality based on the excitation source. The resonant Raman
scattering from CNTs—which occurs when the excitation energy is near an optical transition of
an individual nanotube—depends on the chosen laser wavelength [184—188]. Since resonance
scattering is significantly stronger than the non-resonant contributions [104,188] (determined to
magnify the intensity by a factor of ~10° [189]), the resulting spectral profile will depend heavily
on the wavelength of light used.
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This phenomenon is proving potentially useful in current work that is aimed at
investigating the effects of nanotube polarizability on the degree and speed of electrostatically
induced alignment. By testing samples with high purity s-SWCNTs, the alignment of
semiconducting CNTs appears to match that reported for the as-produced (2 s-SWCNT:1 m-
SWCNT) CNTs used in this thesis. The ability to align s-SWCNTs at the studied field strengths
seems to contradict several previous reports that either assume [75], predict [171], or observe
[70,190] weak to no alignment of s-SWCNTs as compared to m-SWCNTs under applied electric
fields. The similarities between the time-intensity Raman data (i.e. Figure 2.7b) for the bulk
CNTs and high purity s-SWCNTs lead to the working hypothesis that the resonant contributions
from s-SWCNTs are dominant for this system at a 532-nm excitation wavelength.

For high purity m-SWCNT samples, a wavelength of 785 nm appears to be in resonance
with the M;; bandgap [185], the first optical transition for m-SWCNTs, for the diameter range of
the studied CNTs [191] based on the shape of the observed G-bands [192]. Initial results from
real-time polarized Raman spectroscopy measurements appear to show m-SWCNT alignment at
electric fields at least an order of magnitude lower in strength. Since the polarizabilities of
metallic CNTs are predicted to be several orders of magnitude greater than those of
semiconducting CNTs of similar lengths [70,71], this finding would seem to be consistent with
the electrostatic potential energy model used for this thesis. Additional work is required to
confirm these observations.

Outside the numerous possibilities provided by polarized Raman spectroscopy, a variety
of other techniques offer novel approaches to studying CNT processing for composite
applications. In situ TEM of CNT alignment in a solution or a polymer melt is one example. As
electron transparent, hermetically sealed liquid cells for TEM analyses grow in popularity,
researchers now possess a tool for conducting thermal and electrical testing in situ with
potentially sub-nanometer resolution [193]. Several studies on nanoparticle mobility [194] and
assembly [195,196] in solution as well as observations from applied electric biasing [197] have
already been conducted. Similar to previous studies of electrostatically induced nanowire
rotation with optical microscopy [198-201], the real-time observation of CNT alignment in
solution or in a polymer melt under an applied electric field using TEM now appears feasible.

However, future work in this direction would need to address several issues. The

dimensions of the liquid cell compared to the nanotubes is one example. The thickness of the
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liquid cell is limited by the electron transparency of the suspending medium. Gold nanoparticles
have been imaged through ~3.3 pm of water [202], but for particles dispersed in polymers,
sample thickness is typically closer to ~100-200 nm. Furthermore, the resolution decreases as
the thickness of the material increases due to the scattering of electrons. Another limitation
arising from the dimensions of the liquid cell is the preponderance of fringe effects. As sample
volume decreases, the behavior of a larger percentage of the material depends on its interactions
with the interface. These interactions have been shown to impact the rates of nanoparticle
diffusion [193] and nanorod motion from local convective flow and capillary forces [194]. The
electron beam itself can also affect the sample. Bubble formation has been observed in solution
[203], and the effects of local heating in polymers from focused electron beams [32] could also
potentially distort measurements of nanoparticle mobility. These problems would need to be
resolved before accurate data could be collected on CNT alignment with in situ TEM
measurements.

Dynamic AFM methods also appear promising for capturing imbedded nanotube
alignment with nanoscale resolution. Sub-surface imaging of CNTs has been demonstrated in
polymer films with a thickness of ~30 um [80]. Due to the difference between the dielectric
constant of the nanotubes and the polymer matrix, spatial variations of the capacitance gradient
exist and can be used to image imbedded single-walled CNTs with amplitude modulated AFM
[80]. With this technique, it may also be possible to differentiate s-SWCNTs and m-SWCNTs
based on their different electrical properties. If successful, these measurements could be used to
explore the differences in electrostatically induced alignment of CNTs based on chirality.

Nanotube dispersion was another source of variability that was explored but not expanded
on in this thesis. Several techniques exist for qualitatively assessing the state of CNT dispersion
including small angle neutron scattering [204,205], rheological measurements [125,206], the PL
intensity from isolated CNTs [91-93], and the Raman “roping” peak [207-209]. Excluding
extensive TEM work, dynamic light scattering (DLS) may be one of the few ways to
quantitatively characterize the nanoscale dispersion of CNTs in a polymer. By modeling CNTs
as rigid rods, depolarized DLS has been used to non-destructively determine the mean length and
diameter of individually dispersed single-walled CNTs in solution based on the calculated
rotational and translational diffusion coefficients determined from autocorrelation functions of

the experimentally produced speckle patterns [210,211]. These findings were reproduced but not
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investigated extensively for the system used in this thesis. To avoid multiple scattering events,
there is a limitation on the CNT concentration (0.0005 wt% was found to work well in solution
and in EPON 828). Furthermore, because these light scattering measurements are sensitive to
CNT agglomerates, it is important to confirm the existence of isolated nanotubes with a
complimentary technique such as TEM. Since many polymers are optically transparent at certain
wavelengths of light, DLS may prove to be an effective tool for investigating nanoparticle
dispersion within these systems. Ultimately, all factors of composite property variability will

need to be considered to create CNT-polymer composites with enhanced properties.
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