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Carbon nanotubes (CNT) have been long considered an optimal material for composites
due to their high strength, high modulus, and electrical/thermal conductivity. These composite
materials have the potential to be used in the aerospace, computer, automotive, medical industry
as well as many others. The nano dimensions of these structures make controlled alignment and
distribution difficult using many production techniques. An area that shows promise for controlled
alignment is the formation of CNT yarns. Different approaches have been used to create yarns
with various winding angles and diameters. CNTs resemble traditional textile fiber structures due
to their one-dimensional dimensions, axial strength and radial flexibility. One difference is,
depending on the length, CNTs can have aspect ratios that far exceed those of traditional textile
fibers. This can complicate processing techniques and cause agglomeration which prevents
optimal structures from being created. However, with specific aspect ratios and spatial
distributions a specific type of CNT, vertically aligned spinnable carbon nanotubes (VASCNTYS),
have interesting properties that allow carbon nanotubes to be drawn from an array in a continuous

aligned web.

This dissertation examines the feasibility of combining VASCNTSs with another textile
manufacturing process, filament winding, to create structures with various levels of
dimensionality. While yarn formation with CNTs has been largely studied, there has not been
significant work studying the use of VASCNTSs to create composite materials. The studies that
have been produces revolve around mixing CNTs into epoxy or creating uni-directional wound

structures. In this dissertation VASCNTSs are used to create filament wound materials with various



degrees of alignment. These structures include 1 dimensional coatings applied to non-conductive
polymer monofilaments, two dimensional multifunctional adhesive films, and three dimensional
hybrid-nano composites. The angle of alignment between the individual CNTs relative to the
overall structure was used to affect the electrical properties in all of these structures and the
mechanical properties of the adhesive films and hybrid-nano composites. Varying the
concentration of CNT was also found to have a significant effect on the electrical and mechanical
properties. The variable properties that can be created with these production techniques allow users

to engineer the structure to match the desired property.
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1. Introduction

Carbon nanotubes have outstanding mechanical, electrical, and thermal properties that
make them an ideal choice to be used in composite materials. The physical dimensions can range
from a few angstroms to tens of nanometers in diameter and nanometers long to a few millimeters
in length. This equates to an aspect ratio of approximately 1,000,000:1 and very high surface area
to volume ratios. These properties in combination with their nano-scale dimensions can make
carbon nanotubes difficult to process into usable composite structures. To obtain composites with
high volume fractions, advanced processing techniques must to be employed. The discovery of
spinnable carbon nanotubes, those which can be drawn from an array into a continuous web, has
allowed for the creation of aligned high volume fraction composites. However, most of the
structures that have been created have 90-0 degree orientations. The subsequent chapters cover a
literature review, and research focused on combining filament winding techniques with spinnable
carbon nanotubes. These studies create assemblies with carbon nanotubes aligned over a range of
angles. The assemblies will also have different levels of dimensionality: one dimensional, linear
fiber coatings; two dimensional, planar films; and three dimensional, hybrid composite tubes.
There is a particular focus on the electrical properties of these assemblies and how they’re affected

by processing parameters.



2. Literature Review

The following is a literature brief review covering the benefits of composite materials,
types of carbon nanotubes (CNTSs), growth methods, and CNT properties. There is an in-depth
review of linear assemblies made from CNTSs, the electrical properties and conduction mechanisms
of carbon nanotubes, two dimensional electrically and thermally conductive materials, and the
properties of fiber reinforced composites modified with nanomaterial additions. Each of these
topics will focus on materials that incorporate CNTs with high volume fraction and controlled

alignment of nanotubes.

2.1 Composites Overview

A composite material can be generally defined as a material composed of two phases of
matter. While that description fits the materials that are discussed in this literature review, it is too
generic for our purposes. In [1] a composite material is defined as an artificially made material
with multiple phases. This more rigorous definition will be used for the review. Under this
definition, naturally occurring multiphase materials such as seashells, wood, and pearlitic iron are
excluded. Composite materials have multiple phases and therefore their properties are a blend of
their constituent materials. Insulating materials can be made conductive, flexible materials can
become rigid, and strong brittle materials can transform into strong, ductile objects. Composites
can be group into subcategories based on the dimensions of their reinforcement phase. “Zero”
dimensional particle reinforced composites, one dimensional fiber reinforced composites, and two
dimensional laminar composites. In laminar composites, it is common for fibers to be used as the
reinforcement material. The planar dimensionality comes from directional properties achieved
from layer by layer processing with layers oriented differently. This review will focus on fiber

reinforced composites and laminar composites as they’re most closely related to the structures
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created in this research. There are many different methods for creating fiber reinforced composite
materials, each with subcategories. Some of these broad categories are layup methods, molding

techniques, and pultrusion approaches.

The materials created throughout this research project were created using filament winding
principles. Filament wound composites are traditionally used to create tubular materials with
various cross-sectional shapes. This method can also create planar composites by cutting the tube
before it cures and flattening the material out. Filament wound composites are known to have
tunable mechanical properties that depend upon the winding angle [2], [3]. This is true for both
static loads and cyclic fatigue enabled failure [4]. When multiple layers with various winding
angles are used, the properties depend upon the order the layers and applied [5]. Their properties
also change with respect to the wall thickness [3]. While these production parameters affect the
performance of filament wound composites, the properties of the constituent materials are just as
important. The following sections provide an overview of carbon nanotubes, which are used as the

reinforcement material for the composites in this research.

2.2 CNT Overview

2.2.1 Types of CNTs

The simplest of carbon nanotubes is the single wall carbon nanotube (SWCNT) and can be
thought of as a sheet of graphene that has been rolled into a cylinder. These structures have very
small diameters on the range of 1 nanometer or smaller as first reported in 1993 [6]. The next level
of complexity is the double walled carbon nanotube (DWCNT), which has similar radial
dimensions to SWCNTSs but is composed of two concentric nanotubes [7]. The first carbon

nanotube to be discovered has the most complex structure and is the multiwalled carbon nanotube



(MWCNT) [8]. Like the DWCNT, multiwalled carbon nanotubes consist of concentric tubes, but
have significantly more walls and can have diameters one to two orders of magnitude larger.
Another category of carbon nanotubes is vertically aligned carbon nanotubes (VACNTSs). While
the previous categories related to the structure of the nanotubes, VACNTS refer to the orientation
relative to one another [9]. An important subsection of VACNTSs are those that are spinnable
vertically aligned carbon nanotubes (SVACNTS), which can be drawn into a continuous sheet of
nanotubes [10]. Figure 2.1 shows SVACNTSs being drawn from an array and the sheet being

twisted together.



200 um

Figure 2.1: A) Spinnable vertically aligned carbon nanotubes being drawn from an array and
twisted. B) Magnified image of the sheet being twisted into a yarn like structure. [11]

Spinnable vertically aligned carbon nanotubes provide unique processing opportunities because of
their high degree of alignment and ability to form continuous sheets. SVACNTSs are used for the

experiments and research conducted by the author in subsequent sections.



2.2.2 Growth Techniques

There are many different growth techniques to create carbon nanotubes and can be
classified as one step procedures or two step. In a single step procedure, the catalyst is inherently
combined with the carbon source such as metallo-organics [12]. While in a double step method
the catalyst is applied to a substrate in a controlled manner [12]. Thermal pyrolysis, flame
synthesis, physical vapor deposition, solution based catalyst precursors, catalyst, chemical vapor
deposition (CVD) and super growth are discussed in [12] , which provides a good overview of the
benefits and mechanism for these different techniques. This review will focus primarily on CVD
and the subset floating catalyst chemical vapor deposition (FCCVD), because these techniques are

commonly used to create spinnable carbon nanotubes.

2.2.3 Chemical Vapor Deposition and Floating Catalyst Chemical VVapor Deposition

As the name suggests chemical vapor deposition involves reactive gases flowing through
a heated chamber and depositing a new material onto a substrate. In the growth of CNTs via CVD
it is common for the substrate to be a silicon wafer or high purity alumina substrate. This is because
the reactions occur at high temperatures and the substrate must have a melting temperature that
can handle this environment. Before the growth process starts, the substrate is coated with a thin
film of catalyst. In [13] the researchers used a 0.5-1.0 nm thick film of iron deposited via electron
beam evaporation. A draw back to coating substrates and inserting them into a furnace for CVD is
that it is a batch technique and therefore has trouble scaling up to industrial levels. To help address
these problems, researchers produced spinnable carbon nanotube forests grown on thin, flexible
stainless steel substrates [14]. While this research was still done in a batch process, the ability to

grow upon a cheap flexible material shows promise of continuous processing were stainless steel



films could function as the substrate and catalyst, moving as a conveyor belt through the growth

chamber [14].

The carbon is provided by the chemical reduction of a gaseous hydrocarbon, commonly
methane, ethylene, or acetylene. Hydrogen gas has traditionally been used as a reducing agent and
an inert gas such as argon is commonly used to dilute the spatial concentration of the reactants
without changing the pressure or participating in the reaction. The reduction of carbon into carbon
nanotubes is not a perfect process and often leaves amorphous carbon on the surface of the
nanotubes [9]. This buildup of amorphous carbon, depletes catalyst life and activity, which results
in shorter nanotubes. It was found that the effect can be mitigated by the addition of controlled
amounts of water vapor into the growth reaction zone [9]. Another way to help address the

inactivation of catalyst is to provide a continuous supply of catalyst like can be done in FCCVD.

In floating catalyst chemical vapor deposition, instead of having a catalyst deposited onto
the surface of the substrate, the catalyst flows through the reaction chamber with the gases. This
growth technique is affected by the temperature at which the reaction takes place. [13] showed that
there was an increase in growth height from 690 C degrees up to a plateau at 750 C followed by a
substantial drop off at 780 C degrees. The temperature was not the only factor shown to affect
growth rate. Varying the flow rate of the acetylene and hydrogen gas independently of one another
influenced the growth height. In this experiment, there was a maximum growth height of 630
microns at a time of 10 minutes, after which the growth was relatively constant. The limit to this
growth is likely due to the inactivation of the catalyst. The addition of chlorine gas in [15] helped
grow longer nanotubes likely due to the catalyst remaining active for a longer period of time. In
[15] there was also evidence that the pressure the reaction occurs at will affect the growth rate and

maximum growth height. These studies show that there are many different factors interacting with



one another affecting the growth of high quality, long, spinnable vertically aligned carbon
nanotubes. While the studies have provided insight into the growth process and mechanisms, a
universal method or overarching formula has not been developed. Despite the growth problems
associated with current methods, the outstanding properties of carbon nanotubes have kept these

nanomaterials in the forefront of research.
2.3 Overview of CNT Properties
2.3.1 Mechanical Properties

Single wall carbon nanotubes have the highest theoretical modulus, 1000 GPa, and tensile
strength, 300 GPa, of any known material [16]. While MWNTSs have lower theoretical values, their
measured properties provide much promise for incorporation into structural composites. In [16]
individual MWNTSs were measured and found to have a modulus between 270 and 950 GPa and a
tensile strength between 11 and 63 GPa. It is important to note that this is in the axial direction of
the CNT. In the perpendicular or radial direction, it has been shown that the nanotubes are very
easily strained. Additionally, a near order of magnitude change in the modulus of SWCNTSs occurs,
57 to 9 GPa, when the diameter increases from 0.92 nm to 1.91 nm [17]. However, in MWCNTSs
it was found that an increase in diameter will reduce the radial modulus until a minimum value of
approximately 30 +/-10 GPa is reached [18]. Even van der Waals forces can deform the cross

section enough to affect the properties in the axial direction [19].



Figure 2.2: Transmission electron microscope image of two carbon nanotubes side by side.
Measurements show that the outer walls labeled A and are wider than the adjacent walls where the
CNTs have deformed. [19]

While the modulus in the radial direction is low, they can undergo significant compressive strain,
60%, and return to their original position [20]. The tubes can even flatten out completely, but this
requires a nonlinear application of force and plastic deformation in the tubes [20]. Even when
nanotubes are bent axially they can exhibit up to 40% compressive strain in the radial direction.
These high strain values are not limited to compression of the tube radially. The bending strain of

the axial direction allows the tube to be bent back upon itself without failure; however, there will



be plastic deformation that occurs [21]. Even in the axial direction there are some unique strain
properties. At high axial strain, reversible bonding defects can form to accommodate large
deformation [22]. Interestingly, these defects do not significantly change the modulus of the tube,
but do affect the strength [22]. This differs from traditional crystalline defect theory where
dislocations lower moduli and defects that pin dislocations increase moduli. While the theoretical
axial modulus and axial tensile strength are highly desirable properties for composites, their

electrical properties are just as intriguing.
2.3.2 Electrical Properties

The electrical properties of carbon nanotubes far exceed the properties of even the highest
performing metals. CNTs could revolutionize electrical wiring, field effect transistors, and
electrically conductive composites. One of the reasons these optimal properties have not translated
into commercial applications is that carbon nanotubes have variable properties. A more in-depth
discussion will be given in subsequent sections about why this is the case. This section will serve
as an overview to the most promising properties of carbon nanotubes. The current density in carbon
nanotubes can reach 4 x 10° Acm compared to 10® A/cm™ for typical metals [23], [24]. The
mobility of charge carriers in nanotubes have been found to be greater than 100,000 cm?/Vs
compared to 1,400 cm?/Vs in silicon [23], [25]. The conductivity of nanotubes has been reported
to reach super conducting levels [26]-[29]. Other reports describe nanotubes as being semi-
ballistic conductors with near-quantum conductance [30]-[33]. While the nanotubes themselves
have variable properties, additional variation is added when tube-tube interactions occur [34], [35].
A massive overview of the properties of carbon nanotubes and their structures can be found in
[34], [36], [37]. The impressive electrical conductivity of carbon nanotubes provides CNTs with

high thermal conductivity as the two are inherently related.
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2.3.3 Thermal Properties

The transport of thermal energy through a material is governed by the electronic
contribution and the phononic contribution. As discussed earlier, CNTs have outstanding electrical
conductivity and in combination with the very high modulus of CNTSs the thermal conductivity of
a SWCNT is 3500 Wm™K [38]. For comparison, the thermal conductivity of copper and silver is
386 and 407 Wm™K respectively. The thermal conductivity of multiwall carbon nanotubes is
lower than that of its single wall counter parts but very high values of 3000 WmK! have been
reported in MWCNTs [39]. Phonon scattering is one of the things that inhibits thermal
conductivity. In traditional crystalline materials, scattering can occur at defect sites or grain
boundaries. In an individual carbon nanotube, grain boundaries are not present. Additionally, the
dimensions of carbon nanotubes and defect formation energy allow predictions of pristine defect
free CNTS. However, when nanotubes reach high temperatures the phononic transport mechanism
is mitigated by what is known as Umklapp scattering [36], [38]. When this process occurs, two
phonons merge in a way that the momentum is conserved while essentially reversing the
propagation direction. For classical physics, this process seems to be a violation of the
conservation of momentum, however phonons are quasi-particles. The actual particles, the atoms,

are just vibrating about their equilibrium position and therefore have zero net momentum.
2.4 Linear Assemblies

Linear assemblies created from or with carbon nanotubes incorporated into them have a
wide range of applications as multifunctional materials. These materials are being investigated as
current carrying wires, for sensors, thermoelecrtrics, and electromagnetic interference (EMI)
shielding [40]-[43]. To turn these CNT structures into real world products the mechanical

properties and electrical properties must be optimized, characterized, and understood.
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Additionally, the production methods will need to be scalable to suit industry needs. The following
sections look at batch and continuous production process used to create linear CNT assemblies,
the electrical and mechanical properties of these materials, and the EMI shielding properties of

CNTs.

2.4.1 Production

The most common linear assembly of CNTs found in the literature are like traditional
textile yarns. Both structures have high aspect ratios and are created from high aspect ratio
components twisted together providing stability to the material. Textile yarns and linear CNT
assemblies both have properties that are dependent upon the base material and the processing
parameters used to create them. Therefore, it is not surprising that some of the production
techniques used to create linear carbon nanotube assemblies are like the traditional textile yarn
production methods. In [44] carbon nanotubes grown in a CVD furnace were collected and drawn
into a water bath, redirected via a roller, passed over an additional roller partially submerged in

acetone and then exposed to an infrared lamp before being collected upon a collection roller.
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Figure 2.3: a) Schematic of continuous CNT yarn production. b) Image of the CNTs before
consolidation occurs. ¢) CNT assembly before and after consolidation. d) Consolidated CNT
exiting the water bath. €) CNT fiber wound onto the take up spool. [44]

The water bath is incorporated to cool and condense the CNTSs into a denser structure. This
stage is analogous to the process of transforming a sliver into a roving in traditional textiles. The
initial structure is a loosely packed aligned grouping of fibers and ends denser and with some
mechanical strength. The CNT assembly passing over the acetone roller serves to clean and further
densify the yarn, which can be thought of as carding (for the cleaning process) and spinning to

increase the density of the yarn relative to the roving. In [45] the researchers used a similar method
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to produce the CNTSs, using a CVD furnace, however this research does not use collection baths.

But rather collects the nanotubes directly onto a spindle from within the furnaces hot zone.

A much more common technique used to create CNT linear assemblies relies upon the
drawable characteristics of SVACNT arrays [11], [46]-[51]. There are some similarities between
the furnace method and the research done in [46]. Both utilize liquid baths to condense the low-
density nanotube assembly and then redirect the yarns with rollers through a furnace, followed by
collection onto a roller. In this case, the largest difference is just that the initial source of carbon
nanotubes comes from an array rather than the CVD aerosol like material found in the furnaces of
[44], [45]. In [48] instead of using a full-sized solution bath the researchers just used a droplet of
ethanol to condense the yarns. In [47] twist was added to the yarn by rotation of the collection
bobbin during take up. Linear CNT assemblies are not limited to just single yarns, in [11] two ply

and four ply yarns were also created.

Figure 2.4: Scanning electron microscope images of A) a single CNT yarn, B) two-ply CNT yarn,
and C) a four-ply CNT yarn. [11]
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In another study braided CNT structures were also created, merging traditional textile structures
and CNT linear assemblies [52]-[54]. It is important to note that while traditional textile structures
use twist to maintain the coherency of the yarn, not all CNT research utilizes this relationship. In
[49] the mechanical requirements of the yarn were minimal and therefore the alignment of the

CNT axis remained parallel to the axis of the yarn.
2.4.2 Electrical Properties

The continuously spun nanotube yarns created in [44] were measured using a four-probe
technique and have a conductivity of 5 x 10° Sm™. While these properties are higher than structures
created in other research, the yarns exhibited a hollow core and can therefore increase their
properties by fully collapsing the structure. This will have a two-fold effect, increasing the number
of tube-tube contacts and decreasing the cross-sectional area. It is important to note that in this
case, a change to the cross-sectional area will not alter the amount of current passing through the
yarn. The other continuously spun yarn from the CVD furnace mentioned above showed slightly
higher conductivity with a value of 8.3 x 10° Sm™[45]. While the nanotubes produced in [44] were
double wall nanotubes those produced in [45] were a mixture of single-wall and multiwall
nanotubes. Study [45] also looked at the graphitic purity of these nanotubes and found that the
yarns had 85-95% purity. Without purity data from [44] it makes it difficult to discern whether the

increased performance is due to the present of SWNTS, purity, or some other factor.

While the novel production of these CNT yarns is important, understanding the mechanism
that control the conductivity is just as important. In [47] nanotube yarns are created by direct

spinning from a CNT array. In this study, the researchers varied the conductivity by changing the
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twist insertion to the yarn as it was drawn from the array. In this study, yarns created with inserted
test had variable conductivities from 1.5-3.7 x 10* Sm™ [47]. There was one yarn that did not have
any twist inserted and had a very low conductivity of 0.93 Sm™. This matches up well with [50]
where an un-twisted yarn had a conductivity of 1.7 Sm™ and then upon twisting the conductivity
increased to 4.1 x 10* Sm™™. In [47] the study calculated the porosity and number of contact points

per CNT as a function of the measured density, theoretical density, and Wyk’s Model.
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Figure 2.5: Electrical properties versus the yarn porosity, which was manipulated by changing the
surface twist. [47]

There was a decreasing relationship between the yarn surface twist angle and the porosity
of the yarn. There was also a fairly linear relationship with a positive slope between the number of
contacts per CNT and the twist angle. This correlation makes since, as the open space in the yarn
is decreased there must be an increase in the contact between the nanotubes. What is interesting
is that the specific conductivity, conductivity divided by density, shows a near linear and horizontal
relationship with the porosity of the yarn. Even the zero-twist yarn matches up reasonably well

with this relationship.
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Figure 2.6: Electrical conductivity normalized by density versus the yarn porosity, which was
manipulated by changing the surface twist. [47]

This correlation would make more sense if all of the yarns had the same twist angle. It
would seem the anisotropic conductivity of carbon nanotubes should give yarns of different
orientations different properties. An explanation for the results seen in this study could be related
to the value reported as twist angle is actually the surface twist. Perhaps the interior of the yarn

has a different structure that accounts for the homogeneity of the samples.

In [11] the researchers created nanotube yarns with a conductivity a of 3x10° Sm™ by
drawing from an array. This yarn showed a negative temperature dependence in agreement with
[50]. This negative temperature dependence indicates that the CNTs are dominated by a
semiconductor like performance. In [11] they were also able to maintain this conductivity after
infiltrating the yarn with PVA. The conductivity remaining relatively unchanged after the
infiltration of PVA indicates that whether the void space in the yarn is filled by air or a non-
conducting polymer the charge carriers do not significantly enter these second phase materials and
predominately stay in the carbon nanotubes.
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Most of the research presented so far has just focused on measuring the conductivity of the
nanotubes but with limited emphasis on unique applications of these conductive properties. What
follows is a discussion of some unique application of CNT yarns. In [48] the researchers
demonstrated that CNT yarns can be used as filaments for incandescent light in the visible
spectrum. Interestingly, the conductivity increased after the sample was left “on” for a period of
time [49]. It would be valuable to determine whether the increase in conductivity is a temperature
related mechanism caused by joule heating or due to the flow of electrons through the assembly.
Most carbon nanotube growths do not yield products with 100% graphitic structures, often the
tubes will have regions with defective bonding. The joule heating could have caused an annealing
affect that increased the graphitic nature of the tubes. Another common source of non-graphitic
carbon is amorphous carbon on the surface of the tubes. The oxidative removal of this carbon could
increase conductivity; however, the study was done with the carbon nanotubes under vacuum
pressure so it is unlikely to have occurred. Perhaps this method could be used in other CNT yarns
as a post treatment to increase the conductivity. It was also shown that these CNT yarns have
sufficient alignment to act as a polarizer of ultraviolet light [49]. In [55] CNT yarns were used in
a photovoltaic material and could collect holes at the junction between the yarn and silicon. CNT
yarns can also be used as super-capacitors; one study showed a specific capacitance of 5 Fg* and
an energy storage density of 0.6 Whkg™. Another study far exceeded these properties with a yarn

showing capacitance of 79.8 Fg'* when submerged into a sodium chloride solution [44].
2.4.3 EMI Shielding

There is limited research done with carbon nanotubes in linear assemblies acting as
electromagnetic shielding. However, as this is one of the proposed applications in this study the

following will be a brief review of the EMI properties of composite materials made with CNTs
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regardless of structure. Traditionally metals are used for EMI shielding, however, CNTs are
becoming part of the research field [42]. This is partially due to the fact that most metallic EMI
shields function via reflecting photons while CNT based materials can absorb the incident radiation
[56]. Another advantage is that traditional EMI shielding materials are heavy while CNTs have a
much lower density [57]. Multiwalled carbon nanotubes have been added to a ceramic matrix and
show increasing attenuation with increasing weight fraction reaching 25 dB at 9% CNT [58].
Carbon nanotube/polymer composites show good attenuation, 37-60 dB, and are close to or exceed
industry required 40 dB [59], [60]. Pure carbon nanotubes show even better EMI shielding
properties, 61-67 dB attenuation, in the form of a light weight 1 micron thick film [59]. 60 dB
attenuation was also achieved in a CNT composite material that had a CNT weight fraction of 50%
[61]. Interestingly, in one study, when CNTs were coated with metal and incorporated into a
composite the EMI shielding decreased as the metal coating increased [62]. The study mentioned
that the metal coated samples were difficult to disperse evenly. This suggests that for a CNT
material to perform as an effective shielding agent there must be a continuous coating or at the
very least uniformly distributed. Despite these advances, the current cost of nanotubes is holding

CNTS back from commercial applications [41].
2.5 Electrical Properties
2.5.1 Individual CNTs

In CNTSs the electrons have SP? bonding with 3 sigma bonds in the curved plane of the surface
and one pi bonding electron perpendicular to the curved plane. The sigma bonding electrons are
essentially locked into place and do not contribute to electronic current. The graphene band
structure is often used as a starting point to understand why. The energy between the sigma
bonding and antibonding states is much too large in the Brillouin zone of graphene. However, the
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Pi bonding and Pi anti-bonding energies for a linear cusp at the K positions, which is where the
atoms sit, in the Brillouin Zone. This contact point gives graphene it’s semimetal properties.
However, this relationship becomes much more complicated when considering the curvature of a
CNT. The complications arise due to the wave properties of electrons and specifically the wave

vectors.
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Figure 2.7: Example of the convention used to relate folded graphene to the curvature of CNTSs.
[34]

Figure 2.8: Examples of carbon nanotube folding with zig-zag (12,0), armchair (6,6) and chiral
(6,4) structures. [36]
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The quantum nature of this property only allows for specific values to occur and requires
dimensions that will accommodate these values. In an infinite plane of graphene, the electron is
only bound in the Z, out of plane, direction and can extend indefinitely in two directions. For a
cylindrical tube of with a finite diameter and infinite length the electrons can propagate without
restriction along the axis. However, per zone folding theory, for the electron to travel around the
curved, radial surface of the nanotube the path length must satisfy the wave vector. If the diameter
of the tube does not meet the wave vector requirement, the electron will be forced to propagate
around the tube at an angle other than 90 degrees to the axis. When this is the case, the pathway
through a given Brillouin zone is different than for an arm chair CNT where the allowed
propagation directions travel through the K points found in the Brillouin zone. It is important to
note the wave vector requirement is not just a geometric construct but involves a more complicated

quantum explanation that can be found in [36].
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Figure 2.9: (a) Zone folding theory of allowed states in the Brillouin zone. (b) Allowed states
overlaid onto the band gap diagram for graphene in the Brillouin zone. [36]

A result of this stipulation is that while the pathways that satisfy the allowed wave vector
requirement are parallel to one another they are not continuous along the tube. When the graphene
band structure is overlaid onto the new CNT wave vector restricted Brillouin zone, the allowed
directions act as contour lines for electron energy values in the CNT. The overlaid graphene band
structure is not completely accurate for a carbon nanotube, because it does not consider the fact
that the nanotubes surface is curved. This curvature causes a shift in the K point within the
Brillouin zone slightly away from the atom positions [63]. For arm-chair nanotubes the properties
are maintained because the shift occurs in a direction along one of the allowed wave vector
directions [63]. However, for other metallic, zig-zag, nanotubes a very small bandgap can be

measured due to the shift of the K point [63]. These miniscule band gaps and metallic properties



were confirmed experimentally by examining single wall nanotubes with scanning tunneling

microscopy [64]

These variable band structures are the reason that some nanotubes are metallic and some are
semiconducting. When the allowed wave vector directions pass through K points in the graphene
Brillouin zone the overlap of the Pi bonding and pi anti-bonding bands creates an energy less
transition. However, if there is an offset from the K points the CNT will be a semiconductor with
a bandgap whose magnitude has a rough dependence following the inverse of the diameter [65].

More accurately the bandgap depends upon the diameter and the direction the tube was rolled [66].

The band structure of a carbon nanotube and its semiconducting or metallic state is not an
absolute property. It can be modulated by the application of a magnetic field as was first theorized
by Aharonov and Bohm in 1959 and then experimentally measured in 1993 for a carbon nanotube
[67], [68]. When a magnetic field is applied parallel to the axis of the nanotube there is a shift in
the orbital momentum of the electrons [67]. This changes the wave vector and the allowed
directional states along the circumference of the nanotube [68]-[70]. Interestingly, with a
sufficient magnetic field the Aharonov-Bohm shift can make a full translation and return a material
back to its original zero field properties. The magnitude of field required to make a full shift is not
always the same for a given nanotube. A 1 nm diameter nanotube would require a 5325 T field for

a full Aharonov-Bohm shift while a 40-nm diameter CNT only needs 3 T [70].

2.5.2 Assemblies

Not surprisingly the very precise and sensitive band structure is perturbed when other
nanotubes are brought into the equation. In the case of a nanotube that exhibits metallic properties

when isolated, a small bandgap can form when it becomes surrounded by nanotubes aligned in the
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same direction. This band separation occurs due to a break down in the mirror symmetry of the
now multitube system [71]. In this study the researchers found that while tube-tube interactions do
cause a change in the density of states and band structure, even the most disordered system caused

only minimal change called a pseudo gap [71].

(a) Isolated tube (b) Bundle of tubes

Energy

Figure 2.10: The formation of a pseudo band gap occurs when an isolated CNT (a) is surrounded
by other CNTs (b) and mirror symmetry is destroyed. [36]

Interestingly, a (10,10) tube surrounded by (10,10) tubes with the exact same orientation and
alignment still exhibits this pseudo gap. However, (6,6) surrounded by (6,6) tubes in the same
fashion will not exhibit a pseudo band gap [71], [72]. This is because in the bundle of (6,6) tubes
the bundle and the original nanotube have the same mirror symmetry, Den that is. If any of these
(6,6) tubes begin to rotate, the mirror symmetry is destroyed and a band gap would be formed [36],
[73]. This sensitivity to symmetry is not only present in bundles of separate tubes but is also present
in multiwall nanotubes [74], [75]. This is likely why multiwall nanotubes depict semiconductor
like temperature dependence even though approximately one third of nanotube folding orientations
predict metallic properties. Just as with the multi-tube system, the highest degree of symmetry has

the smallest effect on the band properties on MWCNTSs. In high symmetry orientations, the band
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gap was only slightly broken apart from the degenerate band structure. However, in the least

symmetric orientation a band gap with 4 distinct bands at the fermi level was observed [74].

2.5.3 Transport Mechanisms of Individual CNTs

Carbon nanotubes are capable of electron transport down the tube axis in a way that no
scattering of the electron occurs. This conduction phenomenon is known as ballistic conduction
and will exhibit quantum conductance Go, 2e%/h, for every electron channel that is present [36].
However, electron scattering is a probability based event and not all scenarios give rise to ballistic
conduction. Whether a scattering event will occur or not is a function of the elastic mean free path
of the electron and the length the electron must travel. Factors such as topological and chemical
disorder and intershell coupling decrease the mean free path and limit the length a CNT can be and
still exhibit ballistic conduction [36]. When there is a defect upon the surface of a metallic
nanotube, there is a probability of the electrons interacting with the defect based on the density of
states. This probability is once again a mean free path. However, the comparative path length term
is the circumference of the tube instead of the length of the tube. For an armchair metallic
nanotube, the mean free path is 560 nm, which is much larger than the circumference of nanotubes
and indicate that surface defects have a limited effect on these metallic CNTs. Unfortunately for
semi-conducing tubes, these defects exhibit much lower mean free paths and can act as scattering

sites [65].
2.5.4 Transport Mechanism of CNT Assemblies

When multiple nanotubes are present, additional scattering events arise. For the charge to

transfer from one tube to another without a scattering event, there must be a coherent symmetry
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between the two. When this condition is not satisfied the probability of transmission decreases
which has been shown theoretically [76] and experimentally with scanning tunneling microscopy
[77]. This symmetry requirement does not only apply to nanotube-nanotube junctions but rather
to all interfaces and is generally referred to as contact resistance. The magnitude of this scattering
barrier is not the same for all tube-tube interactions. For a metal-metal tube interface, the barrier
is relatively small. For a metal-semi-conducting situation, research points to there being a
Schottky-barrier that has variable resistance depending upon the voltage potential. Not only is
there an effective resistance at these tube-tube boundaries due to coherency but it is a variable
property that will increase as the pressure pushing the tubes together increases. This can be
explained considering that the transmission coefficient of a single nanotube decreases as the tube
is bent or under goes shear deformation. When there is significant bending strain, the SP? bonding

and pi orbital begin to hybridize.

Another concept related to the conductivity of nanotubes is that of hopping conduction,
originally theorized by Mott [78]. This theory explains how electrons can move from one
discontinuous physical location to another even when there is a difference in the energy of these
two states. A brief overview of this theory surmised from [79] is presented below. There is a finite
amount of energy require to move from one physical location to another. If the energy state of the
destination is higher the departure location, there will be an additional finite energy required to
make this transition. Therefore, the probability of this transition occurring will be a function of the
total energy required. By examining certain boundary conditions at minimum and maximums for
the spatial and energy state separation between the two locations, along with more complicated

factors provides mathematical evidence that is in alignment with the assumptions made by Mott.
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The result yields that the natural log of conductivity is dependent upon TY(@*D) where d is the

dimensionality of the system.
2.6 High Volume Fraction CNT Films
2.6.1 Conductive CNT Films

The following section will cover high volume fraction, two dimensional CNT films that
are electrically and thermally conductive. For a composite material with an insulating matrix to
become conductive its reinforcing material must be added in a sufficient volume to form a network
that extends across the material. This is commonly referred to as the percolation threshold. The
amount of material that is needed to reach the percolation threshold is highly dependent upon the

geometry and size of the particle [80].

Figure 2.11: Distribution of particles with various sizes and shapes all with 0.1% volume in 1 cubic
millimeter. A) Spherical alumina particles, B) carbon fiber, C) graphite nanoparticles, and D
CNTs. [80]

For spherical objects the threshold is around 16% while in carbon nanotubes the measured
percolation values are much lower [81]. Even though studies agree that the threshold is much
lower, there is still significant variance from study to study. Using SWCNTSs, percolation has been

reported at 0.1 -0.2 percent [82], while another study using multiwall nanotubes found the

percolation threshold to be 0.055% [83]. Another MWCNT study showed a percolation threshold
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of 0.5% [84]. An in-depth review of the factors that affect percolation can be found in [85]. While
a universal value has not been determined for carbon nanotubes, there is sufficient evidence to
suggest that any concertation greater than a few percent of well dispersed nanotubes will satisfy

percolation requirements.

A polyimide CNT composite film was created with a conductivity of 1.8 x 10* Sm* [86].
This research could increase the conductivity of the sample by straining the sample before the
matrix had fully cured. 6% pre-strain caused the sample to increase its conductivity to 2.7 x 10*
Sm [86]. The prestraining caused the network of CNTs to become denser and therefore increase
the number of tube to tube contacts. Another layer by layer technique was able to create an
electrically conductive film with slightly higher conductivity of 3.5 x 10* Sm™ [87]. This method
did not incorporate any polymer filler. While this might seem like it could explain the increased
conductivity, it is unlikely. The polymer filler used in [86] is non-conductive, but not having a
filler essentially just means that you are using an air matrix, which is also very insulating. Instead,
the increased conductivity must be due to better connections between nanotubes. This increase in
tube connections is probably due to the ethanol treatment applied, which increased the density of
the film by 50% from 0.6 g cm to 0.9 g cm™ [87]. Conductivity can be further improved by using
a technique termed “microcombing” by the authors of [88], [89]. In these studies, the nanotube
ribbon drawn from the array was passed over razor blades before being collected upon a mandrel

and exposed to water ethanol solution for solvent densification [88], [89].
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Figure 2.12: Schematic of the microcombing process (a) angled view (b) profile view. [88]

The microcombing approach mechanically increases the alignment of the nanotubes, which
increases conductivity itself. Additionally, the increased alignment increases the density and
therefore the conductivity because of a greater number of tube-tube contacts. Using this approach,
the conductivity reached a value of 1.8 x 10° Sm™ [88], [89]. Higher conductivity has been
measured in carbon nanotube films by almost a full order of magnitude with a conductivity of 1.0
x 10% Sm™* [90]. This research used a solution processing technique instead of dry spinning. The
sample was aligned using magnetic fields while in solution and showed anisotropic properties. The
conductivity was 24 times higher in the axial direction than the radial direction [90]. This low

value of anisotropy indicates that the sample does not have very good alignment. Therefore, the
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superior conductivity values must be because this sample was created using single wall nanotubes.
This sample also showed very high thermal conductivity, 200 Wm™k* [90]. This is almost a full
order of magnitude higher than the prestrained polyimide composite which had a thermal

conductivity of only 18.4-31.1 Wm™k* depending upon the level of prestraining [91].
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Figure 2.13: Thermal diffusivity and conductivity properties of CNTs with various amounts of
prestraining. [91]

This study exemplifies the importance of having the optimal material during composite production.

Despite much lower levels of orientation, SWCNTSs in the above research out performed

MWCNTSs mentioned.
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2.6.2 Electrically Conductive Adhesives

A specific application of carbon nanotubes films is in conductive adhesives designed to
replace traditional lead tin solders. This section will also review electrically and thermally
conductive adhesives with non-CNT additives. The thermally conductive adhesives discussed
cover both electrically conducting and electrically insulating samples. Metal solders are commonly
used in electronic applications and pose a significant health risk due to the lead content.
Additionally, lead tin solders are much heavier than polymer based alternatives, which makes them
detrimental for applications in the aerospace industry where even small weight savings can make
a big difference in efficiency and performance. In commercial applications of current electrically
conductive adhesives, the most common additive material are metals, specifically silver. Research
is being done to determine out how to optimize these materials and have properties that vary over

a wide range that are like CNT based films.

One of the big differences between metal based conductive adhesives and CNTSs is the
percolation threshold. Metal powders and metal nanoparticles will generally have semi-spherical
dimensions and require higher loadings than high aspect ratio nanotubes. In [92] very high loadings
of silver were added to epoxy precursors at value of 70 wt.%. Then the resins were cured and
resistance was measured as a function of time while the resin cured in both isothermal and non-
isothermal cure procedures. As the resins cured, the crosslinking caused the polymer to shrink
pulling the silver particles together forming a conductive network that changed the resistance by
two orders of magnitude [92]. By increasing the amount of crosslinking agent, the resin cure
shrinkage and electrical conductivity also increased with values ranging from 3.3 x 10* Sm™ to 1.7
x 10° Sm [92]. This level conductivity has also been measured in a “self-healing” epoxy adhesive.

The polymer sample was mechanically damaged and then allowed to heal due to the presence of
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encapsulated epoxy-amine microcapsules. After healing the conductivity wasn’t as high as it was
before deformation. The authors indicated this was likely because the encapsulated healing
material did not have any silver present. Other research showed that how the conductive additive
is prepared influences the conductivity of the sample. The removal of processing lubricant from
silver flakes increased conductivity as did incorporating a coupling agent to the composite material
[93]. A benefit of lead tin solders is that they can be formed and reformed repeatedly by reapplying
heat to the solder. Epoxies are generally one time use due to their thermoset nature and do not
degrade except at high temperatures. To address this issue [86] showed that a thermoset material
with a low degradation temperature can be made to function as a conductive adhesive with a
conductivity of 2 x 10" Sm™. This allows the material to be removed and fresh application
reapplied when needed without damaging any temperature sensitive components. Research shows
that silver can have a beneficial effect on the conductivity of carbon based conductive adhesives.
In [94] the conductivity of graphene based conductive adhesives was increased when silver
nanoparticles were functionalized to the surface of graphene and reached a conductivity of 2.2 x
107 SmL. It is quite likely that the combination of silver nanoparticles and carbon nanotubes would

have a similar effect on conductivity.
2.6.3 Thermally Conductive Adhesives

Thermal management is an important concept in the computer industry as processors can
generate a very high energy density at high computing loads. A good thermal conductor will take
advantage of the phononic and electronic components of thermal conduction. Therefore, it is
important to understand the mechanisms and make sure that any increase in electrical conductivity
won’t hurt phononic contributions and vice versa. Even a small addition of carbon nanotubes to

epoxy adhesives can increase the thermal conductivity. In [95] as little as 1% MWCNT added to
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epoxy increased the thermal conductivity by 15 percent. Research shows that the alignment of
carbon nanotubes plays an important role in thermally conductive adhesives. In different epoxies,
the difference between thermal conductivity for aligned versus dispersed adhesives as follows:
neat epoxy 0.56 Wmk, dispersed 0.59 Wm™k?, aligned 1.21 Wmk™® [96]. In another epoxy
the values were as follows: neat epoxy 0.23 Wm™k* and with aligned CNTs 0.88 Wm™k* [96].
The reinforcing material is not the only parameter that can influence the thermal conductivity. In
a branched epoxy thermoset, there was a drop in the thermal conductivity from 0.182 to 0.162
Wmk? when branching exceeded an optimal amount [97]. Another study involving CNTs
produced an adhesive with a thermal conductivity of 5.8 Wmk and suggested that optimizing
their process could theoretically create samples with conductivity values of 25 Wm™k? [98]. The
importance of using an electrically conducting filler is exemplified by a study that used both
graphite and boron nitride. These two materials are very similar structurally and mechanically. The
biggest difference is boron nitride is insulating and graphite is conductive. In this study the graphite
based sample had a thermal conductivity twice as high as the boron nitride at the various volume

fractions tested [99].

However, there are some instances when a thermally conductive adhesive is needed but
needs to be electrically insulating. In these situations, the additive material will need to have high
phononic contributions to thermal conductivity. These materials are generally characterized by
high modulus and close packing atomic structures. Generically ceramics are high modulus,
insulating materials and therefore have a significant presence in the literature. For example, one
study incorporated aluminum nitride into an epoxy and increased the thermally conductivity by
500% to 1.05 WmK* about half of the theoretical value for the composite. Optimizing thermally

conductivity can be quite difficult and techniques don’t always transfer from one material system
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to another. For example, in a study involving ceramic additives, certain particles increased thermal
conduction while other particles showed a decrease [100]. For each of these reinforcing materials
there was a decrease in the electrical conductivity so the explanation must be due to phonon
interactions. It’s likely that the introduction of these nanoparticles act as scattering sites for the
phonons in the polymer. The one sample that had an increase in the thermal conductivity must
either have a more strongly bonded interface, smaller scattering coefficient, or a combination of

the two.

2.7 Fiber Reinforced Composites with Nanomaterial Additives

The properties of fiber reinforced polymer (FRP) composites can be modified by adding
nanomaterials to the epoxy or incorporating them into or on the fiber. These 3+ phase structures
are referred to as hybrid composites. Hybrid composites can also refer to a matrix with two
traditional fiber reinforcements, but for this review hybrid composites will refer to fiber reinforced
plastic with nanomaterial additions. In structural composites, the mechanical properties can be
improved with the addition of nanomaterials. Also, the addition of nanomaterials to composites
can transform single purpose composites into multifunctional materials. Multifunctional hybrid
composites have higher electrical conductivity, thermal conductivity than traditional counterparts
or can be use in a sensing application. As previously discussed, the mechanical properties of carbon
nanotubes make them ideal reinforcing materials for composites and hybrid composites. However,
achieving a high degree of orientation with significant volume fraction of evenly distributed with
carbon nanotube as the sole reinforcement material has proven to be difficult. Even small volume
fractions of carbon nanotubes tend to bundle within the matrix [101]. This is one advantage of

hybrid composites over traditional composites made with nanomaterials. Hybrid composites

34



require much less volume of nanomaterial in comparison to their traditional counterparts. This

compounds into a two-fold benefit of cost savings and easier processing.

2.7.1 Mechanical Properties of Composites with CNT Additions

One research group tackled the problem of a uniform distribution of carbon nanotubes by
growing CNTs directly onto the carbon fiber reinforcement [102]. This study tested four different
fiber treatments: without sizing, with catalyst on the surface, CVD without catalyst (which resulted
in amorphous carbon), and with CNTs grown on the surface. While the study showed a 15%
increase in the interfacial surface strength when carbon nanotubes were present, interestingly the

catalyst and amorphous carbon caused the interfacial strength to decrease by 37% and 32% [102].

Figure 2.14: (a) Scanning electron image of bare carbon fiber and (b) carbon nanotubes grown on
carbon fiber. [102]

In this study, it is possible that the increased interfacial strength isn’t a consequence of the
carbon nanotubes’ inherent strength but rather due to how it interacts with the CF in comparison
to the amorphous carbon and catalytic particles. If the CNTs grew into the graphitic regions of the
carbon fiber, there would be a very strong covalently bonded interaction. In this scenario, the

carbon nanotubes would essentially provide additional surface area for the load transfer between

35



matrix and CF. If the modulus or strength of the nanoadditive were responsible for the change in
interfacial strength one might expect the iron catalyst particles to perform better than the
amorphous carbon. However, the opposite trend was witnessed. This could be due to the
amorphous carbon being more compatible with the carbon fiber or it could be due the volume of
material added to the carbon fiber. A more rigorous study would be needed to determine the exact

mechanisms on how the nanoadditions affect the interfacial strength.

The direct growth of carbon nanotubes onto fibers isn’t limited to unprocessed fibers,
filaments or tows. Two-dimensional cloths and as described three-dimensional carbon fiber felts
have also been subjected to CVD CNT growth processes [103]. In this study the flexural strength
of the tows, cloths, and felts were increased by 20%, 75% and 66% respectively while the flexural
modulus was increased by 25%, 54%, and 46% respectively [103]. | believe this trend can be
explained by looking at the spacing of the fibers in comparison to the length of the carbon
nanotubes. In the woven structure, the weave itself likely holds the fibers together more tightly
than in the simple tows. And in the carbon fiber felt it is almost assuredly the case that the largest
spacing between two fibers is greater than of that the woven fabric. However, there are also some
locations where the carbon fibers are well entangled and the separation is not very large, as is the
nature of felts. As produced the CNTSs are grown from the surface of these structures and reach a
terminus in the epoxy. However, imagine and hypothetical scenario where the CNTs terminated
at a second fiber. In this scenario, a three-dimensional reinforcement network would be created,
likely with very strong properties. Now as we return to our produced materials, we must remember
that the CNTs have a finite length. If this finite length approaches the spacing between fibers, the
properties could approach that of a 3D network. However, if they’re much shorter than the spacing

distance there will be regions of pure matrix that will have lower strength and modulus than the
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CNT reinforced regions. If this is the case, why the felt is in the middle of the fabric and tow is
unclear. It could be that the average spacing of the felt is lower than that of the tows. Another
possibility is that there is some sort of non-linear response and very tight knit regions in the felt
increase the properties more than having spacing greater than the tow hurts it. Another study
showed an increase in the toughness of a woven cloth composite with nanotubes grown on the
material by 76% [104]. It’s likely that the similarity in percent increase is just a coincidence
between these two studies and not a fundamental property. What is clear is that the addition of
carbon nanotubes to FRPs has a significant change upon performance. In [104] the failure
mechanism without CNTs was a matrix dominated shear-out failure, while the sample with CNTs

exhibited tensile fracture.

One drawback to the direct growth of CNTs onto fibers is that it can only be used for certain
reinforcing fibers. Specifically, only fibers that can undergo high temperatures are available for
this technique. Any polymeric material with a degradation temperature below a minimum of 600
C degrees will breakdown during typical CNT CVD growth processes. It’s been shown that high
temperatures can reduce fiber properties even when kept below degradation and melt temperatures

[105].

To get around the high temperature processing parameters, electrophoretic deposition can
be used to deposit nanotubes on the reinforcing fiber in radially aligned sheets [106].
Unfortunately, this process requires the CNTs to be easily dispersed in solution, which required
the researchers to oxidize the CNTs [106]. This is unfortunate because functionalization of CNTs
is known to decrease the mechanical properties of the individual nanotubes. However, despite the
detrimental oxidation, this research increased the tensile strength 157% by and the modulus by

70% greater than the tensile strength and modulus of the traditionally produced FRP in the study
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[106]. Another approach that avoids high temperature is to add the CNTSs directly to the epoxy. In
[107] the researchers impregnated glass fiber reinforced composites with MWCNT-epoxy
suspensions. Unfortunately, like in the case of electrophoretic deposition, to achieve this
distribution of CNTS in nanotubes acid-oxidation had to take place [107]. However, once again
despite the oxidation of the nanotubes the interlaminar shear strength was increased by 33% with
only the addition of approximately 0.25-1 wt.% nanotube [107]. A low temperature approach that
does not require oxidation for dispersion in a solution was reported in [108]. In this study CNTs

were grown in a CVD furnace and then applied to a prepreg fabric by a transfer printing method

[108].
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Figure 2.15: A) Schematic of the printing transfer process used to apply CNTSs to a prepreg ply. B)
Prepreg after transfer of CNTs. C) Scanning electron microscope of the CNT prepreg interface. D)
Magnified image of the transferred CNTs showing the retained alignment. [108]
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This approach has the benefit of being low temperature, non-oxidative, and even more
importantly, it maintains the orientation of the nanotubes in a single direction. This study showed
that the mode two delamination of laminates can be increase by approximately 300% using this

method [108].
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Figure 2.16: Representation of aligned CNTs in a laminated composites A) during mode 1
delamination and B) before delamination. [108]

The authors of that paper do comment that the results are preliminary and samples sizes
were small. Even though carbon nanotubes have not reached their full potential, the capabilities

they provide are still quite impressive.

2.7.2 Mechanical Properties of Composites with Non-CNT Nanomaterial Additions

Nanomaterials other than CNTs are being researched as additives to FRPs designed to
modify mechanical properties. Even though CNTs have higher theoretical properties than other

nanomaterials there are many advantages in studying these “inferior” materials. Thinking of the
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nature of composites, materials with multiple phases, brings forth one benefit nanomaterials have
over CNTs. This is because in a typical FRP the matrix phase can be thought of as a three-
dimensional structure, and the fibers are one dimensional. If we incorporate CNTs, one
dimensional structures, we’ve done nothing to increase the dimensionality of the composite.
However, zero dimensional nanoparticles and 2 dimensional planar materials such as graphene
flakes can operate in different fashions. Determining which properties non-linear nanomaterials
can improve and mechanisms behind these increases is an important task being addressed in the
research community. As the materials created in this research project involve linear nanomaterials

this section will kept brief in comparison.

Nanoclay added to carbon fiber reinforced epoxy composites can increase static tensile
strength in comparison to neat composites. Additions of 1%, 3%, and 5% nanoclay increased the
tensile modulus with a direct relationship between modulus and weight percent [109].
Interestingly the 3% and 5% samples were almost identical in the plastic deformation region.
However, the 3% sample was slightly more ductile than the 5% sample and both were more ductile
than the 1% or 0% sample [109]. Regarding fatigue, the nanoclay has proved to increase the
number of cycles until failure and the material had better properties after a given number of cycles
[109]. Similar increases in mechanical properties were found in a unidirectional FRP with 20
nanometer diameter silica nanoparticles and 15 wt.% loading in the composite [110]. While
unidirectional composites were also used in [109] that study created laminates with 0 degree 90
degree orientations. However, nanoclay particles are not only beneficial for unidirectional FRPs.
In [111] 2% loading of clay nanoparticles on woven glass fiber composites increased flexural
strength and flexural modulus by 15% and 10% respectively. Clays are not always used as the sole

additive to FRPs to increase the fatigue properties. In [112] rubber particles were added to a FRP
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laminate composite in addition to silica nanoparticles at 9 wt.% and 10 wt.% loadings respectively.
Interestingly in this study there was a decrease in the tensile modulus of the material, while
exhibiting an increase in the tensile strength. However, while these inclusions only caused a few
percent change in modulus in strength, the nanomaterial treatment did have a significant affect
upon the fatigue life increasing by 400% [112]. Nano silica and a reactive liquid rubber added to
a carbon fiber laminate in [113] caused the fracture toughness to increase. The modified resin and
modified composite where both tested for fracture toughness and exhibited a near linear
relationship [113]. One note about the rubber particles in [111]-[113] is that the dimensions are
in the micron range rather than nanoscale. While these values fall outside of the theme of this
review, because of the nano silica particles these articles were discussed. For comparative
reference in [114] a glass fiber reinforced plastic was mixed with micron sized rubber particles
without nano silica. In this study the fatigue life was also improved and crack propagation rates
were decreased [114]. While the mechanical properties of composite materials are promising,

adding in multifunctionality can improve the materials desirability significantly.

2.7.3 Properties of Multifunctional Fiber Reinforced Composites

Carbon nanotubes once again provide significant promise in creating multifunctional FPR
composites. The most common attempt to make a multifunctional material is to increase the
electrical conductivity. In the previous sections, we saw that functionalized nanotubes were
incorporated into resins and solutions to increasing mechanical properties. And while
functionalized nanotubes do not have as high mechanical properties as pristine nanotubes, there
were still significant improvements in mechanical properties. In [115] hybrid composite materials
were made with pristine and functionalized carbon nanotubes. The epoxy CNT combination and

the pristine-CNT-epoxy glass fiber composite had resistivity values that were approximately 10
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orders of magnitude below that of the epoxy glass fiber composite. When CNTs were oxidized
and used with epoxy and glass fiber there was only a decrease in the resistivity of about 2 orders
of magnitude. Another consideration that needs to be considered is the anisotropy of carbon
nanotube conductivity. In [116] CNTs were added in between layers of E-glass with preferential
CNT orientation. The CNT layers were oriented parallel to the warp of the woven fabric and
perpendicular to the warp. In these respective orientations, the in-plane resistances varied by over
an order of magnitude with 0.079 kilo-ohms and 1.23 kilo-ohms respectively [116]. Measurements
were taken in the direction of the warp. Another interesting result from this study was that the
through thickness resistance was much lower than that of the E-glass. For this to have been
accomplished the CNTs much have diffused through the prepreg epoxy when placed under
pressure and before the epoxy hardened. Like the studies on mechanical properties, in situ growth
of carbon nanotubes has been studied to create multifunction hybrid composites [117]. In this
study, there was an increase in the conductivity of the material as the percent CNT increased. At
just 3% loading of CNTs there was an approximately 8 order of magnitude decrease in the
resistance. These drastic changes in resistance occur when CNTSs are added to insulative materials
such as glass fiber. However, research has shown that MWCNTSs can be added to conductive
carbon fiber (CF) FRPs and there is an increase in the conductivity by about 50% in plane and
about 30% increase in out of plane conductivity [118]. While changes to the conductivity of the
original composite can be made, the total resistivity is still much higher than that of CNT
theoretical properties. However, even with the small loadings of CNTs additional functionality can
be incorporated. Even at just, 0.3 wt.% CNT, hybrid composites gain antistatic properties and

make CNTs an ideal additive for sensing application [119].
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In one study 3D braid hybrid composites were created with small amounts of CNTs, 0.5
wt.%, and could discern different mechanisms of failure within the braid [120]. This is due to the
fact that small disruptions in the electrical pathways created by the CNTSs in the original state cause
large changes in the resistance of the braid. As the hybrid composite was stretched researchers
determined 5 distinct regions: Stage 1, resistance stable near R, levels; Stage 2-4, increasing

resistances with various slopes; and Stage 5, stable resistance at value much higher than R, [120].
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Figure 2.17: Various deformation stages: Stage 1, resistance stable near R, levels; Stage 2-4,
increasing resistances with various slopes; and Stage 5, stable resistance at value much higher than
Ro. [120]

The mechanism responsible for stages 2-4 are listed in order as follows: micro crack formation,
formation of microcrack interactions, saturated microcracks growing at a steady rate [120]. The

ability to detect damage was also shown in another study using glass fiber reinforce polymers,

CNTS and carbon black [121]. This study also showed that the conductivity of these hybrid
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composites could be used for load detection, fatigue monitoring, and detection of microscale
damage undetectable by other methods [121]. It is important to note that carbon nanotubes do not
only increase the electrical conductivity but they also affect the thermal properties of hybrid
composites. In one study, thermal conductivity was increased by 50% in comparison to the neat
hybrid due to the addition of carbon nanotubes [122]. The coefficient of thermal expansion was
also reduced by 38% which is important when trying to use composites in combination with other
materials. Large differences in CTE can cause materials to separate from one another due to

thermal strain.

2.8 Critical Summary

Carbon nanotubes have remarkable mechanical and conductive properties that
make them a novel choice for composites. There are a variety of reasons and challenges that have
prevented CNTs from becoming a common commercial product. To begin with, there are
variations in the properties of carbon nanotubes that have different chiral angles, diameters, or the
number of walls. In theory, armchair single wall carbon nanotubes are the optimum material for
most composites applications. However, controlling growth to solely produce armchair nanotubes
has not been achieved at the commercial level. Even once an economic process is developed, CNT
composites will have different electrical properties than those of individual tubes. This is partially
due to boundary effects where charges have to transfer from one CNT to another. It is also due to
the fact that when carbon nanotubes are surrounded by other materials there is a change in the

electronic structure of the CNTs themselves.

Additionally, single wall carbon nanotubes cannot easily be uniformly dispersed in solution
or composite matrices without functionalizing the surface. This chemical modification of the
SWCNT generally decreases the mechanical and conductive properties. Another problem with
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using functionalized nanotubes is the random distribution in the matrix limits the volume fraction
that can be achieved. Using spinnable carbon nanotubes for composite manufacturing allows high
volume fractions with very good alignment to be achieved. Highly aligned CNTSs in a composite
material give the material anisotropic properties. This can be beneficial in some cases. When
isotropic performance is needed, laminate composite processing allows for quasi-isotropic

performance in the planar directions.

Alignment not only allows composites to have higher volume fraction than a randomly
dispersed composite but also increases the electrical conductivity. The increased conductivity is
due to having more tube-tube contacts which allows for the facile transfer of charges. While pulling
spinnable CNTs from an array provides much higher alignment than solution dispersed CNTSs there
are processes that can improve it even further. Higher alignment can be achieved simply by finding
the optimum speed the CNTSs are pulled from the array. Micro-combing of the CNT ribbon before
it enters the matrix increases alignment. Using solvent to consolidate the CNTs before the matrix
is added will also increase the number of tube-tube connections. Once the CNTs have made it into
the matrix, pre-straining the material before the matrix fully cures can increase alignment and
material properties. Despite these challenges, CNTs are still an excellent reinforcement for

composite materials but more research needs to be done to harness the potential of CNTs.

The studies presented in the subsequent sections will examine merging traditional filament
winding techniques with spinnable vertically aligned carbon nanotubes. A novel method for
creating conformal, aligned CNT coatings for small diameter fibers with tunable conductive
properties will be presented. The processing parameters that affect the conductivity and
conductance will be examined. This will be followed by an in-depth analysis of the conduction,

transport, and magnetoresistance properties of 2-dimensional planar CNT epoxy films.
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3.1 Abstract

This work details a method of applying a conductive carbon nanotube coatings to small diameter
linear assemblies. Multiple layers of aligned carbon nanotube sheets were drawn onto a rotating
nylon monofilament from a traversing carriage. The method allows for the formation of coatings
with tunable electrical resistivity and resistance. Resistivity was varied by manipulating the angle
between the carbon nanotube axis and the axis of the monofilament, the thickness of the coating,
and the amount of consolidation between the CNTSs. Resistivity was tuned over approximately an
order of magnitude from 4.3 x 10* to 3.7 x 10 Qm. Coating resistance was manipulated by
changing the cross-sectional area of the coating and was increased approximately 7-fold from 52
Q to 350 Q for a given probe spacing. It was also found that the resistivities of two samples, with
the same coating thickness and angle, are different when processed at different winding speeds.
This novel approach allows users to apply a light weight, flexible conductive coatings to filament
or wire like structures with tailored electrical properties which may be useful in areas of electronic

textiles or lightweight wire shielding.

Keywords: Carbon Nanotubes, Filament Winding, Conformal Coatings, Electrical Properties
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3.2 Introduction

Carbon nanotubes (CNTs) have been used to create electrically conductive products
through a variety of methods yielding different structures, shapes, and properties. One dimensional
yarns, two dimensional films [45], [87]-[89], and three dimensional networks [123], [124] can all
be created from carbon nanotubes. Electrically conductive coatings have a wide range of
applications such as current carrying, sensing, smart textiles, and static dissipation. Depending on
the application, the electrical resistivity requirement varies. For current carrying applications, the
minimum resistance possible is desirable to increase efficiency. However, the dissipation of static
charge only requires resistivity in the range of 100 Qm [119]. Electromagnetic interference (EMI)
can disrupt electrical signal traveling through conductive wires coated with an insulating layer.
Carbon nanotubes films exhibit excellent EMI shielding properties, 61-67 dB attenuation, in the
form of a light weight 1 um thick film [60]. High EMI shielding performance is also present in a
CNT composites. In a ceramic matrix the attenuation reached 25 dB at 9% CNT, and in a polymer
matrix, 37-60 dB was achieved which is close to or exceeding industry required 40 dB [58], [60],

[61].

Conductive coatings have been produced through a variety of methods using different types
of nanotubes. Spray coating methods utilize and airbrush to spray nanotubes dispersed in a polymer
solution onto a substrate [125]. This method produces coatings with poor alignment and randomly
oriented nanotubes. Spin casting methods use shear forces to create alignment between CNTs
[126]. However, this method produces a radial symmetry and therefore has zero net orientation.
Functionalized CNTs can be used to create coatings with controlled thicknesses via a layer by
layer deposition [127]. Dip coating methods can create coatings with some orientation in the

direction of motion as the substrate is pulled through the solution [128]. Magnetic fields can also
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be used to slightly increase the alignment of CNTs in solution [90]. However, a problem with
dispersing nanotubes in solution is that it generally requires the use of functionalization, which
decreases the electrical conductivity [129]. The use of ultrasonication can create CNT films
without functionalizing nanotubes but coatings remain without orientation [129]. Due to the
anisotropic properties of CNTSs, a highly-oriented CNT structure will have higher conductivity.
Yarns created from CNTs have very high levels of alignment and can be produced with
controllable orientation relative to the yarn axis. Unfortunately, these yarns are independent

structures and are not feasible for use as coatings.

CNT yarns can be made by drawing vertically aligned CNTs from an array. Using this method,
one research group produced CNTs assemblies with near linear current-voltage curves from zero
to seventy volts and demonstrated use as an incandescent light source and as an ultraviolet light
polarizer [49]. More traditional textile like yarns have been created by introducing twist by rotating
a spindle to collect the CNTs from a CVD furnace [44], [45] or by rotating a variable-speed motor
as the yarns were drawn from the array [11], [46]-[48], [50], [51], [130]. Twisted CNT yarns with
varying twist angles have been shown to have varying electrical properties. The twist angle
changes the porosity and density of the yarn changes. Samples with the highest conductivity, had
the lowest porosity but all samples found to be almost equivalent when examining the specific
conductivity, which is the conductivity divided by the yarn density [47]. Additionally, it was
concluded that the interconnects between CNTs that form during growth dominate the charge
transfer mechanism and additional tube-tube connections formed during twisting have limited
effect on the conductivity [47]. In addition to the ability to vary the conductivity of yarns, yarn
diameter can be changed over an order of magnitude from 10 — 200 microns [44]. The properties

of these pure CNT yarns can be increased via post processing techniques. The addition of the
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pyrolytic carbon for example serves to bond CNTs together, provide additional pathways, and

decrease void space [130].

This paper introduces a method of applying a conformal CNT coating to small diameter
filaments. CNTs are applied via dry processing without functionalization, preserving the
conductivity of the nanotube. This method provides control over the thickness of the coating by
limiting the number of layers applied. The orientation of the CNTSs is controlled by changing the
winding speed and carriage velocity. The combination of these factors provides control over the

resistance and the resistivity along the axis of the filament.

3.3 Material and Methods

The vertically aligned spinnable CNTs with a height of approximately 2 mm used in this
experiment were synthesized using a floating catalyst chemical vapor deposition (FCCVD) method
described in previous work [131], [132]. The monofilament that the CNT coating was applied to
is a nylon fishing line with negligible conductivity and .736 um diameter. The CNT coatings were
drawn from CNT arrays using a modified filament winding apparatus, X-Winder, and software.
The modifications were implemented so that flexible, small diameter filaments could replace rigid,
large diameter mandrels. This was accomplished by reconstructing the machine, shown in Figure
3.1, with fiber chucks, and providing powered, simultaneous rotation of both fiber chucks. The
chucks were added for alignment and effective gripping purposes. The simultaneous rotation was
necessary to allow the filament to be kept under tension without implementing shear forces within

the filament that would twist the filament into a coil instead of enabling rotation.
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«——— TimingBelts \

Figure 3.1: Modified X-winder for use with polymer filament mandrels. Timing belts allow for
synchronized rotation of fiber chucks which grip the filaments.

The CNT ribbon was initiated by dragging a razor blade over the array and then transferred
to the filament. As the filament began to wind, the van der Waals forces between the CNTs drew
the subsequent CNTs from the array onto the monofilament. Due to the dimensions of the filament
and the nature of the CNTSs, a traditional filament winding coating could not be used because too
much slack forms in the ribbon when transitioning directions. Instead, a continuous helical coating
was applied to the sample. The helical winding angle was changed by varying rotational velocity
of the chucks holding the filament. As the ratio of the tangential rotational velocity ( w;) to the
carriage velocity ( v.) changes, the winding angles also changes. The tangential rotational
velocity, w,, was calculated according the Equation 1, w filament rotational velocity, d filament

diameter.
wy = wnd (1)

The carriage velocity was kept constant at 0.762 mm per second for all samples. This value was
low due to the limited angular velocity provided by the setup. A tailor-made machine could apply

the coatings at a much higher rate with the proper motors and control software. The angular
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velocity was set to 20, 25, 35, 50, and 75 rpm to get the corresponding angles of approximately
45, 52, 60, 68 and 75°, relative to the filament axis. The angle of 45°was chosen as the minimum
because the ratio of w, to v, is 1.0 and values below 1.0 do not wind smoothly onto small diameter
filaments. In Figure 2 scanning electron microscope (SEM) images of filaments coated with CNTs

at angle approximately 45°, 60°, and 75° to the filament axis is shown.

Figure 3.2: SEM images of a CNT coated filaments with CNTs oriented a, b) 45° c) 60° and d)
75° to the fiber axis. All images were taken at the same magnification, note the different in
diameter between the two 45° samples a, b). The coating in image a) is approximately 11 layers
thick while the coating in image b) is approximately 88 layers thick.
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The angle of 75°was chosen as the maximum value because the motors are limited to 90 rpm and
corresponds to an angle of 77.62° when the v, is set to 0.762 mm per second. Due to the helical
winding, multiple layers of CNTs were added to the filament for a single traverse. The number of
layers per traverse ( N;) is a function of the width of the CNT array ( w,), the rotational velocity,
and the linear velocity according the Equation 2. Figure 3 shows this relationship with images of
an actual coating (a-b) and a simplified schematic (c-g). A summary of the samples created can be

found in Table 3.1.

N, :Wa*w/vc (2)

Table 3.1: Summary of the processing parameters and characteristics for each sample. *Note
sample 5 and 7 are the same sample but listed separately because of different parameter
investigated.

Sample  Angle RPM Carriage Velocity (in/s) Number of Layers

(Degrees)
1 45 20 0.03 11
2 45 20 0.03 22
3 45 20 0.03 44
4 45 20 0.03 67
5 45 20 0.03 89
6 45 20 0.03 111

Sample  Angle RPM Carriage Velocity Number of Layers

(Degrees) (in/s)
7* 45 20 0.03 89
8 52 25 0.03 83
9 60 35 0.03 78
10 68 50 0.03 83
11 75 75 0.03 83
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Figure 3.3: a) CNT array attached to the mandrel before winding commences, b) CNT array at the
end of the winding process showing the decrease diameter along the leading edge, c-g) schematic
representation of winding process, as the array traverses sequential layers are deposited as
characterized by the darker sections applied to the fiber.

An Agilent 34410a 6 % digit multimeter was used to measure the resistance of each sample
listed above. Measurements were taken at different spacings along the filament in a four-point
probe method configuration with U1163A SMT Grabbers as the contact probe. Because of the
non-uniform application of CNTSs at the edges of the coating, all measurements were taken at least

2.54 cm, the width of the array, from the ends of the coating.

The diameters of the coating were measured using a digital stereo microscope (Motic). The coated
filament was imaged next to a section of uncoated fiber to serve as a size reference. The diameter
of the uncoated fiber was measured using ABS digimatic calipers (Mitutoyo) at various locations
and averaged. The cross-sectional area was calculated using the diameter of the coating and then
subtracting the cross-sectional area of the filament. This was done to calculate the resistivity of the
samples per Equation 3, where R is the electrical resistance, p the resistivity, A is the cross-

sectional area of the coating, and ¢ is the distance between the probes [1].

R = pt/A 3)

There is significant open space between the CNTs, which means the resistivity calculated is
representative of the coating rather than the base material properties of the CNTSs.
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3.4 Results and Discussion
3.4.1 Resistance Versus Coating Thickness

The resistance and resistivity was measured for six identical samples created without varying the
processing parameters, to examine the repeatability of the winding process. This group of samples
showed 2.85% and 5.49% standard error for resistance and resistivity respectively. Due to material
and time constraints, all the subsequent data points in this work for samples with various

thicknesses and winding angles, were taken from individual samples.

According to Equation 3, the resistance of an Ohmic resistor will vary linearly with one over the
thickness and with the length of the sample change respectively. Figure 4 shows that the measured
resistance of each sample varies linearly as the spacing between electrodes changes. The linear
regressions for each sample correspond to R? values greater than .99 and thus are obeying Equation

3 and the coating is very consistent along the length of the filament.
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Figure 3.4: Resistance versus probe spacing for 45-degree samples with various number of layers
applied to the mandrel.

The different slope of each sample shows that there must be a difference in either the resistivity or
the cross-sectional area of the samples. As shown in Figure 5, the resistance is plotted as a function
of the number of layers, at a given spacing. The plot shows that the resistance changes with a
power law relationship. This relationship correlates very well to the changes in the cross-sectional

area of the CNTSs coating as a function of the number layers.
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Figure 3.5: Resistance versus the number of layer for various spacings between electrodes for
samples with 45-degree winding.

Interestingly, Figure 6 shows that the resistivity also changed as the number of layers increased.
This was an unexpected result as the processing parameters of the CNTs was kept constant for

each of the coatings.
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Figure 3.6: Resistivity versus the number of layers for 45-degree samples for various spacings
between electrodes.

An important consideration to note is that the processing parameters were calculated for the
diameter of the bare filament. As the coating grows in thickness, the tangential linear velocity
increases because of the constant rotational velocity. Therefore, the winding angle will be slightly
higher at the outer surface of the coating than next to the filament. The change in angle would be
approximately less than 1° for the 45° sample and 4° for the 75° sample at a coating thickness of
88 layers. While this could explain a difference in the resistivity of the samples, it would predict
an increase in resistivity as the coating thickness increases. However, the measured values

followed the opposite trend as shown in Figure 6.

The increase in tangential velocity could be causing the unexpected decrease in resistivity. A

comparison to a traditional yarn manufacturing process, roller drafting, is used to understand this
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phenomenon. During roller drafting, cotton fibers are accelerated by cylindrical rollers with
different tangential velocity. The difference in tangential velocity has a net force that momentarily
pulls on the leading end of the fiber while effectively holding the trailing end stationary. This
process causes the fibers to align and change the linear density. The greater the difference in the
tangential velocity the more aligned the fibers become and the more the linear density increases.
Similarly, because the CNTs in a thick coating are winding at a higher velocity, they must be
undergoing a larger acceleration. A process similar to roller drafting could be occurring where the
“pulling force” is applied by the acceleration and the “holding force” is due to the van der Waals
forces with successive tubes and the interfacial bond between the CNT and the substrate. This
variable pulling force, as a function of acceleration, could change the amount of overlap between

surrounding CNTSs in the drawn web.

For coatings with a larger diameter, the last CNTSs to be applied will experience greater acceleration
than those at the surface of the filament. If these CNTs have better alignment between themselves
the overall coating would show lower resistivity. To test this theory 5 samples were made with a
45° winding angle, 22 layers thick, but all with different winding velocities. The averaged
resistivity values, shown in Figure 7, generally follow the expected trend of decreasing resistivity
with increasing winding velocity. A source of variation in this experiment could have arisen due
variable tension in the CNT ribbon. As the CNT array is depleted, the distance between the
polymer filament and the CNT array the length of the web increases. To maintain a taught web
there must additional tension applied. This additional tension may act as extra “pulling force”
which would be compiled into this experiment. To isolate this affect additional equipment would
have to be added to the instrument so the array is moved toward the filament as the winding occurs

maintaining a given spacing.
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Figure 3.7: The effect of winding speed versus the resistivity on samples with 45-degree winding
angle and 22 layers.

If the high acceleration has drafted the CNTs to the point where the overlap between CNTSs begins
to decrease, there would be a decrease in resistivity. These results correspond well with other
research that showed an increase in the tensile strength and modulus of CNT films as winding
speed increased [133]. In that study, the sample exposed to the highest winding speed also saw a
deviation from the trend that the other samples exhibited [133]. In that study, the authors

contributed the increase in performance to an increase in alignment of CNTs.

Tube to tube contact plays a role on the resistance of the CNT coatings and can be manipulated by
changing the density of the films. To demonstrate this affect, the 45-degree sample with 111 layers
was submerged into acetone and the capillary forces caused the CNT coating to visibly condense
as it dried. The resistance values are shown in Figure 8 before and after consolidation. This post
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processing liquid consolidation technique could be used in combination with dilute polymer

solutions to create CNT polymer composite coatings.
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Figure 3.8: The effect of consolidation on the resistance of filament coatings.

The introduction of polymeric matrix material would bolster the wear resistance and other
mechanical properties of the coating. Additionally, the added coating should not have a negative
effect upon the electrical properties of the coating. The electrical pathway established through the
CNT network would likely remain intact as the dissolved polymer chains fill the void spaces
between CNTs. An alternative approach to encapsulating the CNT coating with a dilute polymer
solution would be to use a heat shrink tubing. This method would consolidate the nanotubes

mechanically and prevent the coating from abrasive damage.
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While the decrease in cross-sectional area typically causes an increase in the resistance of a
material, these results show the opposite trend. This is because when the CNTs are forced to
consolidate there are more contacts between CNTs and therefore there is an effective change in
the resistivity of the sample. The magnitude of the decrease in resistivity must be larger than the
decrease in cross-sectional area because there was a measured decrease in resistance. The diameter
of the consolidated assembly decreased by 3.8%, but because the diameter of the assembly is
dominated by the monofilament, the change in wall thickness is much greater. The wall thickness
of the CNT coating decreased by 11% and which equated to a 13% change in the cross-sectional

area of the CNT coating.

The unconsolidated density of the coatings ranged from 0.03-0.23 g/cm?®. Interestingly, as the
coating thickness increased the density did as well. However, this range of values contrasts with
CNT foams created in previous research [123] where the density was as low as 0.0038 g/cm? and
there was significantly more void space between the nanotubes. In this work, the near two order
of magnitude higher density is likely due to the fact that the CNT sheets were wrapped around
very small diameter fibers (smaller than the length of the CNTS). In contrast in [5] the sheets were
taken up across parallel rods and the lowest density of the sheet corresponded to an area where no

wrapping forces were present.
3.4.2 Resistance Versus Winding Angle

In the second part of the experiment, the angle between the filament and the CNT axis was
varied from 45 to 75 degrees. These samples also exhibited Ohmic behavior, resistance varying

linearly with changes to the probe spacing, as shown in Figure 9.
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Figure 3.9: Resistance versus probe spacing for samples with various winding angles and
approximately 83 layers applied to the mandrel.

For each sample in Figure 9 the number of layers was kept approximately constant, in order to
achieve a consistent cross-sectional area between sample types. Therefore, the difference in slope
can be explained by a different resistivity in each sample. The resistance and resistivity as a

function of winding angle are shown in Figure 10 and Figure 11 respectively.
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Figure 3.10: Resistance versus winding angle for various spacings between electrodes for different
samples with approximately 83 layers applied.

The large discrepancy could be associated with a change in the charge conduction mechanism. As
the winding angle approaches 90 degrees, the charge carriers may begin to become dominated by

hopping radial conduction instead of ballistic axial transport [134]-[136].
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3.5 Conclusions

Electrically conductive conformal coatings can be created by the direct winding of carbon
nanotubes onto small diameter filaments. The resistance of these coatings was measured at
different locations along the filament and increased linearly in good relationship to Equation 3.
The resistivity was calculated from the resistance, probe spacing, and thickness of the coating. The
resistivity of the samples varies over approximately an order of magnitude from 4.3x10*to 3.7x10-
3 Qm. Interestingly, the resistivity decreased as the thickness of the coating increased for a given
winding angle. It is assumed to be related to tube-tube overlap. It was also possible to manipulate
the resistivity by changing the angle between the axis of the carbon nanotubes and the axis of the
filament. It was shown that the resistivity decreases when the CNT coatings were consolidated and

the number of tube to tube contacts increases. From 45 to 68 degrees the change in the resistivity
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appeared to follow a smooth continuous function, but when the winding angle reached 75 degrees
there was a large shift. It is assumed that at high angles there is a transition to carrier motion
dominated by a higher number of hopping conduction events. It is assumed that the CNTs coating
would form an effective shield against electromagnetic interference, because of the conductivity
and conformal nature of the coating. Further testing should be done verify these claims. By
modifying the chucks to provide rotation and translation this process could be turned into a

continuous production process with a static carriage.
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4.1 Abstract

Carbon nanotubes (CNTSs) have been widely investigated as an additive material for composites
and have potential applications in electronic devices due to their extremely large electrical
conductivity and current density. In this work, highly-aligned carbon nanotube composite films
were created using a sequential layering fabrication technique. The degree of CNT alignment leads
to anisotropic resistance values that vary by over 400x in orthogonal directions. Similarly, the
magnetoresistance (MR) of the CNT composite differs depending upon the relative direction of
current and applied magnetic field. A suppression of negative to positive MR crossover was also
observed due to the modified band structure in these CNT-epoxy composites. More importantly,
an oscillatory positive magnetoresistance (MR) behavior is discovered at low fields which persists
up to room temperature when the current and in-plane field are parallel to the axis of CNT
(BIIHICNT). This behavior is consistent with the presence of Aharonov-Bohm oscillations in our
CNT/epoxy composites. When the current, applied magnetic field and nanotube axis are aligned,

the in-plane MR is positive instead of negative as observed for all other field, current and tube
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orientations. Here, we provide in-depth analysis of the conduction mechanism and anisotropy in

the magneto-transport properties of these CNT-epoxy composites.

4.2 Introduction

Individual carbon nanotubes (CNTs) have shown very high electrical conductivity and
current density compared to conventional conductors due to their nanoscale diameter and near
quantum conductance [24], [36], [137], [138]. These properties have been utilized to create field
effect transistors (FETs) with current densities higher than Si and GaAs FETs [138]. This
discovery is potentially critical for fabrication of next generation devices that will be required as
the semiconductor industry approaches the theoretical quantum limits in silicon-based structures.
These CNT FETSs are also being considered for sensing applications and they have been shown to
detect DNA in concentrations as low as 1 pico-molar [139]. However, the electrical properties of
CNTs are affected by numerous factors and can exhibit significant variance. One such factor is the
diameter of CNTSs, which can vary from a few angstroms in single wall nanotubes to tens of
nanometers in multiwall nanotubes [140], [141]. This means that the conductivity can vary over
several orders of magnitude. Furthermore, CNTs with different diameters usually exhibit different
electron band structures, which are determined by the chiral angle and how the nanotube is folded.
It is well known that CNTs can be metallic for armchair and zig-zag configurations whereas they
can be semiconducting with a wide range of band gaps depending on chirality [34]. Similar to
traditional metals and semiconductors, the resistivity of CNTSs is a function of temperature [51],
[134], [137], [142]. Carbon nanotubes also exhibit magnetoresistance (MR) [143], [144].
Interestingly, the sign of the magnetic field, positive or negative, does not have a significant effect
on the change of the resistance. For both field directions magnetoresistance increases or decreases

accordingly and is nearly symmetric about zero magnetic field. While the sign of the magnetic
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field does not have significant effect on magnetoresistance, the directionality of the field relative
to the current does play a major role. The perpendicular field magnetoresistance and in-plane
magnetoresistance (MR) of CNT-based materials have been studied to achieve insight on the
magnetotransport properties of CNT-based materials for potential applications in next generation
sensing and switching devices [145]. The magnetoresistance effect was initially investigated by
Thomson and is common in magnetic materials as it relates to spin coupling between electrons and
the applied magnetic field [146]. When moving electrons in CNTs are exposed to a magnetic field
applied normal to the plane of the sample they are subjected to the Lorentz force. This causes the
charge carriers to accumulate on one surface of the nanotube and is referred to as the Hall effect,
and a quantized version of the Hall effect known as the quantum Hall effect (QHE) has also been
reported in carbon nanotubes [147], [148]. One particular magnetic field orientation can have
significant impact on the electrical and magneto-transport properties of carbon nanotubes; when
the magnetic field is applied parallel to the long axis of the carbon nanotube, there is a shift in the
electron wave-function. This interaction is known as the Aharonov-Bohm effect (AB) and affects
electrons travelling on the surface of a cylindrical conductor. An oscillating magnetoresistance
with increasing magnetic field is an indicator of Aharonov-Bohm interactions for surface
conduction in the solid materials [149], [150]. However, theoretically a single carbon nanotube
exhibiting ballistic conduction will have a resistance value equivalent to the quantum resistance,
Rq = h/2e? = 12.9 kQ [137]. Since only the outer tube is carrying charge in MWCNTSs, the
resistance must increase with an increase in diameter. Another source of variation in the electrical
properties of CNTs arises when current flows from one tube to another. In this scenario, the
orientation of the carbon nanotubes becomes very important. Carbon nanotube assemblies with

high degrees of alignment have highly anisotropic conductivity, which varies over several orders
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of magnitude in orthogonal directions [85]. For carbon nanotubes adjacent to one another, evidence
of hopping conduction has been reported in electrical measurements [51], [78], [79]. The
application of high pressure and chemical treatment can modify the band structure of the CNTs in
a manner that induces a change in the MR and a positive to negative crossover of the MR at high
fields that is suppressed in CNT systems [151], [152]. Here, we report a significant anisotropy in
the magneto-transport characteristics of CNT/epoxy composites and the observation of Aharonov-

Bohm oscillations up to 300 K.

4.3 Experimental

The vertically aligned spinnable carbon nanotubes used in this experiment were
synthesized using a floating catalyst chemical vapor deposition method described in previous work
[131], [132]. The CNTs were then drawn onto a 5-inch diameter glass mandrel wrapped in PTFE
using a modified filament winding apparatus, X-Winder, that is controlled by software. The
mandrel was set to a rotational velocity of 0.7 RPM and the CNTs were drawn onto the mandrel
from the bottom. This orientation was used so that solution could be dropped onto the assembly
without the solution destroying the fragile CNT ribbon. The solution was 1% Epotek 301-2
dissolved in 99% acetone and was applied at a constant rate via a syringe pump. The drop rate and
rotational velocity were chosen so that consecutive droplets would spread and form a continuous
coating on the nanotubes while allowing the acetone to evaporate before the next layer of
nanotubes was added. After 30 minutes, the nanotube epoxy film was removed from the mandrel
and folded upon itself twice to increase the thickness. The sample was outgassed at room
temperature in a vacuum oven at a vacuum pressure of approximately 10 Torr for 30 minutes to

ensure that the acetone had been removed from the sample; this procedure is similar to that

69



described by others [91]. Once removed from the vacuum oven, the sample was covered in a PTFE

film and placed in a hot press under pressure < 0.5 MPa and cured at 80°C for three hours.

Once the CNT composite film had cured, resistance was measured as a function of
temperature and magnetic field in a Quantum Design Physical Property Measurement System
(PPMS) with a base temperature of 1.9K and magnetic fields to +/- 9T. All electrical measurements
were made using a four-point probe technique in the van der Pauw configuration with a square
probe geometry and the measurements were carried out with the current flowing perpendicular
(LCNT) and parallel (ICNT) to the axis of the carbon nanotubes. Ohmic contact between the
sample and the probes was verified by measuring the current-voltage relationship from -10 to 10
mA. Subsequent to demonstration of good Ohmic contact, the sample was cooled to 5 K.
Resistance measurements were taken in 5-degree increments from 5-300 K. Then the
magnetoresistance (MR) was investigated by applying magnetic fields to +/- 5 T (in 1 kOe
increments) at 5, 25 and 300 K to the sample. For each current direction, (LCNT) and (ICNT), the
(MR) was measured with an applied out-of-plane magnetic field and an in-plane MR
measurements were performed along (LCNT) and (IICNT) current directions with the applied field

in the plane of the samples.

4.4 Results and Discussion

4.4.1 Electrical transport:

A linear current- voltage relationship demonstrated good Ohmic contact to the samples
over the current range measured (not shown). Figure 6.1 shows the resistance versus temperature
behavior for current applied perpendicular (a) and parallel (b) to the nanotube axis, respectively.

The temperature dependence in both directions reveals semiconductor-like behavior with
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resistance decreasing as temperature increases. One should note that the magnitude of the
measured resistance in the perpendicular direction is ~400x that in the parallel direction over the
entire temperature range. The nature of the anisotropy is shown in the inset of Fig. 2 by the ratio
of the resistance in the perpendicular R(L) and parallel R(|l) directions. This anisotropy in
resistivity has been observed previously in thin films of aligned carbon nanotubes [142]. Some
SWCNTSs exhibit metallic-like temperature dependence of resistivity at low temperatures and then
switch to semiconducting like behavior at a variable transition temperature [134].
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Figure 4.1: Temperature dependence of resistance with the current flowing (a) perpendicular and
(b) parallel to the CNT axis. The inset shows the ratio of resistance perpendicular to that parallel
to the CNT axis.

Despite the large anisotropy in resistance values along the two current directions, charge transport
in both current directions exhibits evidence of hopping conduction, as demonstrated by the plot of
In(oT*/2) versus T~1/* in Fig. 2 that is a signature of hopping conduction. There is a strong linear
correlation over the entire temperature range 5-300 K with R? values of 0.94 and 0.96. If we restrict

our data to the same temperature range of anisotropy as reported in reference [51], then our R?
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values increase to 0.99. Any contribution from the epoxy is assumed to be negligible since its

resistivity is ~10%2 Q-cm.
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Figure 4.2: Approximately linear relationship between the In(oT/2) versus T~*/* indicating
charge carriers undergo hopping conduction from 5 to 300K.

It is also interesting that the slope of the resistance ratio is negative from 5 - 100 K, then becomes
positive at higher temperatures (see inset in Fig. 1). To explain the observed anisotropy in the
resistance values along two different directions and their temperature dependence, we followed

the methods described in references [142] and [144].

The overall electrical transport behavior of the CNT-epoxy composites can be explained by
considering the resistance as a combination of two components, the intrinsic resistance of the

CNTs and the resistance associated with hopping conduction, R = R; + R,. The latter, R, =

Nyﬁ depends on the number of intertube hopping events (N) which take place at temperature
B

T(K) with an energy barrier (A), where y has the dimension of resistance. The existence of hopping

conduction in these CNT/epoxy composites has been confirmed by the In(aT/2) versus T~/
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behavior as shown above in Figure 2. The observed high R(L)/R(ll) ratio, 415 at 5K, is attributed

to the high aspect ratio of the CNTs in our CNT/epoxy composites.

The reported magnitude of the barrier height (A) for intertube hoping is 10 meV [144]. At a
temperatures > 100 K, ( A) < KzT and the resistance curve is no longer thermally activated;
consequently, the R(L)/R(]I) plotin Fig. 1 shows a negative slope. Down to 100 K where the barrier
height (A) > KzT, intertube hoping events are suppressed that results in a positive slope of
resistance vs. temperature plot from 100 to 5 K. The R(L)/R(ll) ratio increases ~10% as
temperature is lowered from 100 to 5 K as shown in the inset of Fig. 1. Additionally, as mentioned
previously the best fit of In(aT*/2) versus T~1/* (R? ~0.99) is observed along the R(L) direction
within the low temperature regime, 5 - 75 K, which again supports our hypothesis that hopping
events are suppressed, and the resistance curve is thermally activated down to 100 K where the

barrier height (A) > KgT.
4.4.2 Magnetotransport Measurements:

To understand the elusive transport mechanism of the CNT systems, magneto-transport
studies of the CNT systems have been performed and reported in the published literature [153],
[154]. But a detailed systematic study of the CNT systems with both in-plane and out-of-plane
applied magnetic field is lacking. We have performed detailed out-of-plane and in-plane field
magneto-resistance (MR) measurements on our CNT-epoxy composite samples in which aligned

carbon nanotubes are embedded in the epoxy in an o geometry.

Figures 3a and b show out-of-plane field MR plots with current parallel to the axis of the CNT’s
(ICNT) and perpendicular to the axis CNT(ILCNT), respectively (insets show the relative

orientation of the current with out-of-plane applied field). Here, the applied magnetic field is
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perpendicular to the plane of CNT-epoxy composite and to the axis of the CNT’s embedded in the

composite.
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Figure 4.3: (a) MR with current flowing along the CNT axis and the applied out-of-plane field is
normal to the current and CNT axis, (b) MR with current flowing perpendicular the CNT axis and
the applied out-of-plane field is normal to the current and CNT axis.

The observed MR is negative for both orientations of current with respect to the CNT axis, but the
magnitude of the MR is higher for the current parallel to the axis of CNT (IIICNT) case. The
intriguing feature of the MR plots is that there is no crossover from negative to positive MR to 5
T field over the 5-300K temperature range investigated. However, a change in the sign of MR
from negative to positive has been reported at ~ 4 T for CNT systems: with decreasing temperature,
the magnitude of negative contribution increases at low field [155], [156]. The crossover from
negative to positive MR can be suppressed by the application of high pressure and acid treatment
to CNT composites, which was attributed to significant changes in the band structure that enabled
suppression of the crossover [151], [152]. In our samples this crossover is completely suppressed

and there is no change in the sign of the MR at 5 K up to fields of 5 T without any applied pressure
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and acid treatment. This suppression of crossover suggests that our sample preparation method

modifies the band structure of the CNT’s in the CNT-epoXxy composite.

The observed negative MR may originate from weak-localization of carriers. In the weak-
localization effect, a quantum correction to Drude conductivity is observed due to destructive
interference of the quantum wave function around a scattering center in a localized system where
transport occurs via variable range hoping [156], [157]. The observation of negative MR at 300

K rules out the possibility of negative MR due to Landau level quantization in graphitic systems.

In-plane MR measurements were also performed in four different current and field relative
orientations, and the results are shown in Figure 4(a, b, ¢ and d); the insets show the relative

orientation of the current with the in-plane applied field.
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Figure 4.4: (a) In-plane MR with current flowing perpendicular to the CNT axis and the applied
in-plane field is normal to the current and parallel to the CNT axis, (b) In-plane MR with current
flowing along the CNT axis and the applied in-plane field is normal to the current direction and
the CNT axis. (¢) MR with current flowing perpendicular to the CNT axis and the applied in-plane
field is parallel to the current direction and normal to the CNT axis and (d) MR with current
flowing along the CNT axis and the applied in-plane field is along the current direction and the

CNT axis.

The observed in-plane MR is negative when the current and the in-plane field are normal to each

other (ILCNT and BIICNT) and the largest MR, ~ 10.5% at 5 K, is observed when the current is

along the axis of the CNT (I|[CNT) in the CNT-epoxy composite as shown in Figure 4(b). The

BLCNT and ILCNT configuration also showed the negative in-plane MR as shown in Figure 4(c).
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The most novel and intriguing finding of this study was observed when the current and the
applied in-plane field are parallel to the axis of CNTs in CNT-epoxy composites. A positive
oscillatory in-plane MR signal is observed as shown in Figure 4(d) when the current flows along
the axis of CNT and the in-plane field is also applied along the axis of the CNT’s (B|[IICNT ). To
the best of our knowledge, this is the first reported observation of oscillatory low field positive
MR in carbon nanotube systems which persist up to room temperature. While a high field positive
MR has been reported [151], [156], a low field positive oscillatory MR signal has not been reported

thus far in the literature on CNT systems.

There are three potentially relevant theories to explain the unique positive MR behavior of our
CNT-epoxy composites in the BIIIICNT configuration: variable-range hopping (VRH), wave
function shrinkage effect and the Aharonov-Bohm (AB) effect can generate a positive MR in
disordered materials such as CNT-epoxy composite [155]. The wave function shrinkage theory
can be excluded on the basis of existence of low field and high temperature positive MR.
Additionally, the positive MR is only observed in BIIIICNT configuration whereas in all other
orientations the observed MR signal is negative. But, we cannot completely rule out the possibility
of a VRH mechanism playing a role in the positive MR as it is supported by the variable

temperature resistance measurements.

A plausible explanation for observation of an oscillatory positive MR is formation of an Aharonov-
Bohm (AB) qunatum phase in our CNT-epoxy composites when the current and field are parallel
to the axis of CNT (BI[IICNT). In the Aharonov-Bohm effect, an Aharonov-Bohm phase is
formed, and the band gap is tuned and modulated periodically by the flux quanta, ¢o = e/h. The
periodic modulation of the band gap mediated by the location of the Fermi level produces an

oscillatory behavior in magnetic and magneto-transport properties of CNT materials with
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formation of an AB phase. [149], [158]. In order to estimate various parameters to confirm the
presence of an Aharonov-Bohm phase in our samples, a detailed temperature and field dependent

study of the positive MR is required.
4.5 Conclusion:

Carbon nanotube/epoxy composite films have been fabricated with highly anisotropic
electrical properties. Conductivity varies over 400x in directions parallel and perpendicular to the
nanotube axis. The temperature dependence of resistance for these two directions is negative for
both across the temperature range investigated. However, the magnitude of this dependence is
different in terms of absolute and percentage change. Both directions show evidence of hopping
conduction with a linear In(aT*/2) versus T~1/* dependence. A high resistance ratio is attributed
to the number of hoping events which is a function of temperature and the barrier height. The
resistance curve is thermally activated down to 100 K and shows a positive slope. Negative out-
of-plane filed MR is observed for both orientations and negative to positive crossover of the MR
is suppressed due to the modified band structure of CNTs in our CNT-epoxy composites. The in-
plane field MR shows negative trends in all orientations except when current, in-plane field and
the axis of CNTs are parallel. An oscillatory positive MR behavior at low field and room
temperature is observed when the current and field are parallel to the axis of CNT (B|[IIICNT). All
other five relative orientations of the current and field show the typical negative MR signals with
the maximum MR% when the field is parallel to current (BJ[l) and a unique and novel behavior

was observed in (BIIIIICNT) orientation only.
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5.1 Abstract

Commercially available electrically and thermally conductive adhesives are dominated by
those that are filled with metallic particles. Silver is one of the most common fillers materials, but
IS very expensive and heavy. In the aerospace industry, even modest weight reductions can result
in large savings over the lifetime of a craft. Carbon nanotube (CNT) adhesives have been created
via a variety of mechanical mixing techniques with promising results. However, these structures
have randomly oriented CNTs and generally low volume fraction. This paper introduces a
technique that can create adhesives with a wide range of volume fractions, 9 to 45% in this study,
and have controlled orientation/alignment of CNTs from 0-90 degrees. These structures had a
measured conductivity that ranges from 11,000-61,000 S/m and a specific conductivity higher than
a commercially available silver filled epoxy tested for comparison. The CNTs not only introduced
electrical conductivity to an insulating epoxy (<5x101! S/m), but the addition of these nanofillers
also showed a maximum increase in the lap shear strength (LSS) by approximately 57.5%
compared to the neat epoxy. This increase was for a specific sample and a specific CNT
orientation. In the orthogonal in-plane direction of this sample the LSS was approximately the

same as the neat epoxy. By changing the angle of alignment between the CNTSs, the ratio of
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electrical properties in the in-plane orthogonal directions could be manipulated. The ratio of lap
shear strengths in the in-plane orthogonal directions was found to be heavily affected by the fiber

volume fraction.
5.2 Introduction

Using carbon nanotubes to create electrically and thermally conductive adhesives has many
advantages over metal filled adhesives and traditional lead tin solders. Lead tin solders are
commonly used in electronic applications and pose a significant health risk due to the lead content.
Additionally, metal solders are much heavier than polymer based alternatives, which makes them
detrimental for applications in the aerospace industry where even small weight savings can make
a big difference in efficiency and performance. In commercial applications of current electrically

conductive adhesives, the most common additive material are metals, specifically silver.

One of the big differences between metal based conductive adhesives and CNTs is the
percolation threshold. Metal powders and metal nanoparticles will generally have semi-spherical
dimensions and require higher loadings than high aspect ratio nanotubes. In [92], very high
loadings of silver were added to epoxy precursors at a value of 70 wt.%. As the resins cured, the
crosslinking caused the polymer to shrink pulling the silver particles together forming a conductive
network that changed the resistance by two orders of magnitude [92]. A benefit of lead tin solders
is that they can be formed and reformed repeatedly by reapplying heat to the solder. Epoxies are
generally one time use due to their thermoset nature and do not degrade except at high
temperatures. To address this issue the authors in [86] showed that a thermoset material with a
low degradation temperature can be made to function as a conductive adhesive with a conductivity
of 2 x 107 Sm™. This allows the material to be removed and fresh application reapplied when
needed without damaging any temperature sensitive components. CNTSs are being used in epoxies
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as the sole conductive material and samples have been produced with CNT contents as high as

35% in [159].

Research shows that silver can have a beneficial effect on the conductivity of carbon based
conductive adhesives. In [94] the conductivity of graphene based conductive adhesives was
increased when silver nanoparticles were functionalized to the surface of graphene and reached a
conductivity of 2.2 x 107 Sm™. The combination of silver nanoparticles and carbon nanotubes has
been shown to have a similar effect on conductivity increasing electrical conductivity of CNTs by
approximately 600% and four order of magnitude in CNT composites compared to pristine
nanotubes [160]. CNTs chemically plated with silver have also shown higher conductivity than

pristine nanotubes [161].
5.2.1 Thermally Conductive Adhesives

Thermal management is an important concept in the computer industry as processors can
generate a very high energy density at high computing loads. A good thermal conductor will take
advantage of the phononic and electronic components of thermal conduction. Therefore, it is
important to understand the mechanisms and make sure that any increase in electrical conductivity
won’t hurt phononic contributions and vice versa. The importance of using an electrically
conducting filler is exemplified by a study that used both graphite and planar boron nitride. These
two materials are very similar structurally and mechanically. The biggest difference is boron
nitride is insulating and graphite is conductive. In this study the graphite based sample had a
thermal conductivity twice as high as the boron nitride at the various volume fractions tested [99].
CNTS are being studied for use in electronics packaging due to their electrical and thermal

conductivity. [162]
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Even a small addition of carbon nanotubes to epoxy adhesives can increase the thermal
conductivity. In [95] as little as 1% MWCNT added to epoxy increased the thermal conductivity
by 15%. A similar increase was seen in [163] where MWCNTSs caused an increase in thermal
conductivity by 18%. Interestingly, this study also tested functionalized nanotubes which had even
greater increases in thermal conductivity than the raw MWCNTSs. This is interesting considering
functionalization decreases electrical and thermal conductivity of the nanotubes themselves [115],
[164]. The increased thermal conductivity of the acid functionalized CNTs is likely due to better
dispersion of the nanotubes in the matrix material. The amine functionalized CNTs were also better
dispersed than the raw CNTs but have higher thermal conductivity due to crosslinking between
the epoxy and the functionalized CNTs. This effect was also seen in [165] where
benzenetricarboxylic acid functional groups added to MWCNTs increased the thermal

conductivity.

Research shows that the alignment of carbon nanotubes plays an important role in
thermally conductive adhesives. The difference between thermal conductivity for aligned CNTs
versus randomly dispersed CNTs is as follows: neat epoxy 0.56 Wmk?, dispersed 0.59 Wm=k?,
aligned 1.21 Wmk® [96]. This increased thermal conductivity was also seen in a different epoxy
for aligned CNTs; the values were as follows: neat epoxy 0.23 Wm™k? and with aligned CNTs
0.88 Wm?k! [96]. Another study involving CNTs produced an adhesive with a thermal
conductivity of 5.8 Wmk* and suggested that optimizing their process could theoretically create
samples with conductivity values of 25 Wm?k™? [98]. One study utilized a single layer of aligned
CNTs in an adhesive between two graphitic joints and was able to achieve a thermal conductivity
of 250 Wmk™° [166]. In [167] the CNT polymer composites were created and it was determined

that electrical conduction was the main mechanism for heat transfer in CNT and polymer. In this
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system the phonon contribution was limited due to phonon scattering at the boundary between
polymers and CNTSs. It was noted that higher volume fraction would likely decreases phonon

boundary scattering.

5.2.2 Mechanical Properties and Synthesis

The mechanical properties of epoxy adhesives can also be increased by incorporating
CNTs into the resin. The simplest way to do this is through mechanical mixing and is a quite
common approach found in the literature. Unfortunately, this approach does not yield high volume
fractions of well dispersed nanotubes. Often only fractions of a percent are added to the resin such
asin [168] where 0.25 wt% CNTs added to resin for epoxy adhesives. Higher fractions, 3%, have
been achieved using a high shear mixing homogenizer [169]. A modified approach is to disperse
the nanotubes and epoxy in solvent separately before mixing together which can help with
dispersal as was done in [170]. And finally, the use of ultrasonication combined with heating the
matrix can help dispersal as well due to the decreased viscosity when heat is applied [171]. The
benefit of a solvent on the dispersal of nanotubes is further magnified when the nanotubes have
been functionalized [172]. In that study samples with CNT loadings of 2, 5, and 10% were created
with pristine and functionalized nanotubes. Interestingly these higher weight fractions actually
decreased the properties compared to the neat epoxy and only the small weight percentages
increased properties. Each of these studies were able to increase the mechanical properties of the
adhesives using CNTs but showed evidence that the dispersal and processing parameters play a

large roll on the performance.

83



5.3 Experimental Methods

5.3.1 Sample Production

The vertically aligned spinnable carbon nanotubes used in this experiment were
synthesized in our laboratory using a floating catalyst chemical vapor deposition method described
in previous work [131], [132]. The CNTs were then drawn onto a 5-inch diameter glass mandrel
wrapped in PTFE using a modified filament winding apparatus, X-Winder, and software. The
mandrel was set to a rotational velocity of 0.7 RPM and the CNTs were drawn onto the mandrel
from the bottom. This orientation was used so solution could be dropped onto the assembly without
the solution destroying the fragile CNT ribbon. The solvent quickly evaporated before the coated
ribbon reached the point where the CNT ribbon met the mandrel. The software was also used to

create adhesives where the CNTs were aligned various angles relative to the mandrel axis as shown

in Figure 5.1.

Figure 5.1: a.) Picture of the modified X-winder filament winding apparatus and epoxy dropper
set up used to create the 0-90 orientation CNT epoxy films. b.) Optical image of the CNT coatings
applied at 45 degree angles.
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The solution dropped on to the mandrel was constituted of Epotek 301-2 dissolved into
acetone and was applied at a constant rate via a syringe pump. This epoxy system was chosen, as
it is a structural adhesive, has a long pot life, has a low viscosity when dispersed in acetone. The
drop rate and rotational velocity were chosen so that consecutive droplets would spread and form
a continuous coating on the nanotubes while allowing the acetone to evaporate before the next
layer of nanotubes was added at the bottom of the mandrel. To change the volume fraction of
nanotubes, the concentration of epoxy in acetone was varied, using solution concentrations of 1%,

and 5% epoxy by weight.

The angular samples had orientations of 30°-60° and 45°-45° and were wound onto Teflon
film without the epoxy/acetone solution being dropped during winding. This is because the amount
of time the winding would have required to wind a sufficient number of layers was outside of the
pot life of the epoxy. Instead the dry windings were removed from the mandrel and the
epoxy/acetone solution was added subsequently. The mass of epoxy used was chosen to
correspond to approximately 9% CNT mass fraction. The concentration of the solution was set to
10% to ensure there a sufficiently low viscosity, and to keep the total volume of solution low to

minimize evaporation time of the epoxy.

After the windings were completed, the film was removed from the mandrel and samples
were prepared for lap shear strength (LSS) testing, electrical/thermal conductivity measurements,
and thermal gravimetric analysis. LSS samples were created using 25.4 mm wide aluminum
coupons, 1.50 mm thick, with 12.7 mm of overlap connected by the CNT epoxy composite in
accordance with recommendations in ASTM D1002 — 10. The samples were cured in a hot press

at 80°C for three hours under constant pressure of approximately 1 MPa. The samples prepared
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for electrical/thermal conductivity measurements, and thermal gravimetric analysis were cured in

a vacuum oven at 80°C and approximately 10 Torr.

5.3.2 Measurements

Lap shear strength testing was carried out with an extension rate of 0.5 inches per minute
in a FDI 20000 tensile tester with attached Fracture Diagnostics International software that
measured the load and displacement on a 20,000 pound test frame. The mass fraction of the CNTs
was determined by thermal gravimetric analysis with a Seiko TG/DTA 6200. The sample was
heated from room temperature to 1000°C at a rate of 10°C/min in a nitrogen atmosphere with a
flow rate of 100 ml/min. Electrical conductivity was determined by measuring the resistance using
an Agilent 34410A Digital Multimeter, 6%z Digit and normalizing to the dimensions of the samples.
Copper foil was added to the ends of the composite samples to serve as contact points for the
electrodes. The assembly was then cured in an oven at 80°C with the copper foil in place. Thermal
conductivity was calculated using the measured density and thermal diffusivity. Thermal
diffusivity was measured using a nanoflash method. The samples were tested at room temperature,
with a laser voltage of 400 V and a pulse width of 0.3 ms. 5 measurements were made for each
sample and the average value was reported as the diffusivity. Literature values for the heat capacity
of CNTs and epoxy were used, 700 J/kg-K and 1000 J/kg-K were used in a rule of mixtures
approximation based on the measured mass fraction for the specific heat capacities of the CNT

adhesives.

5.4 Results and Discussion

From the thermal gravimetric analysis, the composition of the composite was determined

and weight percent filler is shown in Table 5.1. In Table 5.1, we see that as the concentration of
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epoxy dropped onto the CNTs increases by a factor of 5 from 1% to 5% the weight percent filler
decreases by a factor of 5 from 45% CNT to 9% CNT. Additionally, the electrical conductivity
changes by approximately the same magnitude as the concentration of the solution is changed.
This is reasonable considering that the CNT fraction is well above the percolation threshold and
the CNTs have the same orientation in both samples. Essentially, the change in the amount of
matrix material present just affects the dimensions of the sample as the conductivity of the matrix
is negligible compared to the composite adhesive with an over 10 orders of magnitude difference.
What is interesting is that the dry (meaning no epoxy), unconsolidated CNT ribbon shows an
electrical conductivity that is lower than both epoxy composites despite being composed of 100%
CNT. However, this can be explained by considering the void space between the CNTs and the air
that fills these spacings as the “matrix material”. Using this definition, the weight percent filler
would remain close to 100%, however the volume fraction of filler would decrease substantially.
When the dry CNT ribbon was consolidated with pure acetone, the CNTs realigned and a
significant amount of void space was removed. This has a twofold effect on the conductivity:
increasing the number of CNT-CNT contacts and also decreasing the dimensions, which results in
near 34x increase in conductivity. However, this value is still lower than the measured conductivity
of the adhesive with 45% CNT filler. There are several possible explanations for this relationship
and further testing would be needed to discern the nature of this performance. For the CNT
composite material, the acetone/epoxy solution is applied sequentially with the application of
nanotubes while the acetone consolidated sample was consolidated all at once. Perhaps the
sequential application of nanotubes results in better alignment between the tubes. This may also
be affected by the rotational forces of the mandrel during the winding. Another possibility is that

the presence of the epoxy molecule actually helps the alignment of the CNTs and hold them in
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place preserving conductive pathways. Finally, the thickness of these dry CNT films samples is
quite low in comparison to the other dimensions. Any measurement error in this direction could
have a negative effect on the accuracy of the results. The size of these samples also meant that the
measured mass was very small. When examining the calculated densities, it appears that there an
error in these values. Creating significantly thick samples would be very time intensive and have
expensive materials cost. Using electron microscopy to measure the samples dimensions could

provide more insight into this issue.

Table 5.1: Mass fraction of filler material for CNT epoxies and commercial silver filled epoxy.
*The electrical resistivity of the silver epoxy varies as a function of the temperature profile used
during the curing schedule.

Sample Weight Density Electrical Specific Thermal
Percent (g/cm?) Conductivity Electrical Conductivity
Filler (S/m) Conductivity (Wmk?)
(S/m)/(g/cmd)
Commercial 66% Ag 2.876 1.1-20 x10%* 3.82x10%- 2.5
Silver Epoxy 6.95x10*
1% Epoxy 45% CNT 0.511 6.135 x10* 1.21 x10° 0.162
Solution
5% Epoxy 9% CNT 0.734 1.142 x10* 1.56 x10* 0.786
Solution
Dry CNT 100% CNT  1.57x10° 0.127 x10* 8.06 x10’
Unconsolidated
Dry CNT 100% CNT  4.97x10* 4.285 x10* 8.62x10’

Consolidated

The through thickness thermal conductivity of the CNTs is much lower than that of
theoretical values for CNTs. However, these values are in the axial direction, radially the thermal
conductivity of carbon nanotubes is much lower at 1.52 Wm™k™[173]. However, even taking this
into account, it is surprising the high-volume fraction sample has a thermal conductivity lower
than that of pure epoxy. The low density of this sample provides clues as to why this value is so

low. If there are voids in the CNT epoxy adhesives, these gaps will act as scattering sites for the
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phonon motion. These voids would also explain why the density is below that of both CNTs and
epoxy. From comparing the density of the dry, unconsolidated CNT ribbon to the CNT ribbon
consolidated by acetone we see that there is a significant amount of void space in the CNTs as
they’re drawn from the array. Even when consolidated with acetone, these gaps decrease in size,
but still remain and create a structure that is much lower density than that of a single CNT. It’s
possible that the total volume required to fill these voids is less than the amount applied during the
winding. While these samples were cured under vacuum to remove the acetone, it’s possible the
resin molecules did not have time to diffuse into these gaps. This could be due to the initiation of
the thermosetting reaction causing the resin molecules to increase in molecular weight and become
more resistant to motion at the atomic level. The samples that were prepared for lap shear strength
were cured under pressure, which likely would have removed the majority of this void space as

the pressure forces the resin molecules into gaps whether partially cured or not.

The lap shear strength of each of the CNT epoxy samples, neat epoxy, and silver filled
epoxy is shown in Figure 5.2. The hypothesis was that while the introduction of nanotubes would
impart electrical conductivity, they would decrease the lap shear strength of the epoxy. This
assumption was based on the idea that the CNTs at the interface of the adherends would not
chemically bond the two surfaces together and the sample would undergo adhesive failure.
However, the low volume fraction sample exceeded expectations and sustained a higher load than

the pure epoxy and the silver filled epoxy.
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Figure 5.2: Lap shear strength of CNT epoxy adhesives and reference neat epoxy.

Examining the failure surfaces provides an explanation for these results. For the pure
epoxy sample, the sample shows evidence of cohesive failure. This failure is characteristic of the
sample’s interfacial strength with the adherend being greater than the mechanical strength of the
epoxy. When this occurs, the cohesive failure is characterized by the uniform presence of adhesive

on both faces of the adherends.

An alternative situation is known as adhesive failure and occurs when the mechanical
strength of the epoxy is higher than the interfacial strength with the adherend. Adhesive failure is
characterized by the presence of the adhesive on one adherend and a bare surface on the other
adherend. Optical examination of the CNT epoxy samples showed that there was partial coverage
of the epoxy composite on both adherends signifying the failure mechanism was a combination of
adhesive and cohesive failure as shown in Figure 5.3. This indicates that the mechanical strength

and interfacial strength are on a similar order of magnitude.
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Figure 5.3: Images of the failure surface after shearing showing the cohesive failure. The two
samples on the left had the CNTSs oriented in the direction perpendicular to the strain and the two
samples on the right had the CNTs oriented in the direction of strain.

The difference in performance between the horizontally aligned and vertically aligned
samples can be understood by examining fiber reinforced composite theory. When the load is
applied in the same direction as the fiber axis there is a significant load transfer from the matrix
material to the reinforcement. When the load is applied in the direction perpendicular to the
nanotubes the load transfer is not as efficient and the failure mechanism is dominated by the strain
of the matrix material at a given stress. In Figure 5.2 we see that the pure epoxy and the sample
with the nanotubes perpendicular to the strain sustained approximately the same maximum LSS

before failure.

Only the neat epoxy showed any significant amount of plastic deformation in comparison
to the epoxies with filler material. All the filled epoxies underwent a sudden brittle failure as seen
in Figure 5.4. The style of grip that was used for the tensile test meant that there was initial strain
associated with a near zero increase in stress. This was due to the sample aligning within the grips
until it reached a point where the friction force was great enough to hold the specimen stable.
Therefore, the extension values shown in Figure 5.4 were adjusted so zero extension represented
the point in the data where the stress began to increase substantially and is representative of the

sample.
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Another interesting feature of these load vs normalized extension graphs is the information
it tells about the modulus of the material as represented by the slope of the data. It would have
been expected that the addition of carbon nanotubes would increase the modulus of the material
significantly. However, for all the samples the modulus appears to be relatively constant. The
exception to this is for the high-volume fraction sample where the CNT axis was oriented
perpendicular to the extension. In this orientation, the modulus has decreased relative to the epoxy.
These results could be explained by insufficient load transfer from the epoxy matrix to the carbon
nanotubes. In theory, the high aspect ratio of the carbon nanotube, approximately 10,000:1, should
provide ample surface area for the Van der Waals forces to create significant load transfer.
However, this assumes that the CNTs are completely surrounded by epoxy. From the electrical
conductivity measurements, there is evidence that there is at least some amount of nanotube-
nanotube contact between the samples. These epoxy deficient regions would effectively lower the
aspect ratio of the CNTs, which would decrease load transfer to the CNT. Also, while the CNTs
are very well aligned and distributed uniformly in each layer that is applied, the spacing between
nanotubes laterally and in the through thickness direction is different. Perhaps there are epoxy rich

regions in between the CNT layers.

This conclusion brings up the questions why does the addition of CNTSs increase the shear
strength of the epoxy in the case of the low volume fraction sample. This strengthening is likely
due to the presence of the CNTs preventing crack propagation. In the case of the low volume
fraction sample, the spacing between CNTs is small enough that microcracks are deterred against
growing to a critical failure length. However, there is still sufficient amount of epoxy to sustain a
substantial load, 3500 Newtons. In the case of the high-volume fraction adhesive, the spacing

between the nanotube will be even closer than the low volume fraction sample. When the load is
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in the direction perpendicular to the nanotubes there is a continuous pathway of epoxy that the
crack can grow along parallel to the CNT axis and therefore the strengthening has a muted effect.

Despite this, the low volume fraction sample was still stronger than the silver filled epoxy.

To further examine the effect of CNT orientation on the properties of adhesives films
samples, with approximately 9% CNT mass fraction, were created cross ply +/- 60° and +/- 45°
orientations to compliment the unidirectional 0° and 90° samples. Because the fabrication process
was not the same for the angled samples versus the 0-90 samples the values should not be used for
direct comparison. However, it was expected that the ratio of the properties in the respective
directions would show the relative degrees of isotropy for the different samples and that the 0 and
90 sample would have the highest, followed by the +/- 60 and the +/- 45 sample would approach
a ratio of 1:1. The sheet resistance of a single layer of CNTs was measured and the ratio of the
orthogonal directions, rotational (RD) and carriage (CD). These directions are depicted in Figure

5.5.

Figure 5.5: Image of a +/- 45° cross ply CNT coating applied to the glass mandrel with the CD and
RD directions labeled. The areas outside of the red dashed lines represent the transition points
during the winding and were discarded since their alignment doesn’t represent the programmed
alignment.
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Table 5.2: The ratio of the sheet resistance of a single layer of CNTs in orthogonal directions.

+/- 45° CD/RD +/- 60° CD/RD 0° and 90° CD/RD

2.36 4.94 58.45
The electrical properties followed the general trend that was expected, however the ratio
for the 45° sample is higher than the predicted 1:1 ratio. These measurements show that the
direction that is aligned with the mandrel’s rotation has a lower resistance than the orthogonal
direction. This may be due to the curvature of the mandrel in the rotational direction while the
carriage direction is flat at a single tangential location. This curvature could be affecting the

alignment or density of CNTSs in the subsequent passes.
5.5 Conclusion

The addition of carbon nanotubes to epoxy adhesives via filament winding has produced
electrically conductive samples with specific conductivity on the same range or greater than
commercial silver filled epoxies. The addition of CNTs can be used to increase the lap shear
strength of the adhesive and change the failure mechanism from cohesive to a mixture of cohesive
and adhesive. The through thickness thermal conductivity as estimated to be greater than that of
neat epoxy, but still much lower than metallic filled commercial options. It is assumed that better
consolidation would result in an epoxy with higher through thickness conductivity. Also, the in
plane thermal conductivity should be much higher when aligned with the CNT axis. The electrical
and mechanical properties are sensitive to the volume fraction of nanotubes present and reached
their respective maximums at different values. This technique allows users to create adhesives with

properties that vary over a wide a range and can be engineered to match the application.
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Additionally, the technique can create adhesives with electrical properties and lap shear strengths

with a varying degree of directionally dependence.
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6.1 Abstract

Nano-composites made with carbon nanotubes (CNTSs) often have much smaller volume fractions
than fiber reinforced composites. These low volume fraction composites are far from reaching the
maximum theoretical properties and even their traditional fiber counterparts. A common approach
to this problem is to create a hybrid composite from a matrix material, fiber reinforcement, and a
nanomaterial. This technique increases composite performance when limited to adding small
amounts of CNT. However, by merging traditional filament winding techniques with vertically
aligned spinnable carbon nanotubes (VASCNTSs) we present a brand new method for creating
hybrid composites with controlled CNT alignment, uniform/even disbursement, controlled-
volume fractions and that can be used with temperature sensitive fibers. These filament wound
hybrid composites were electrically conductive with a conductivity on the range of 11-83 S/m. The
mechanical properties showed a maximum increase of 25% for the axial compressive yield
strength and of 18.5% for the radial compressive yield strength compared to a sample created

without any CNTSs.
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6.2 Introduction

Carbon nanotubes have been used to create a variety of textile structures, such as yarns, braids,
knits, and woven fabrics [52], [53]. CNTs have been studied as a reinforcing material for
composites to create high strength lightweight materials. Unfortunately, these composites often
exhibit mechanical properties well below the theoretical values [174]. Even in high volume
fractions, 70%, the measured performance lags behind traditional composites [175]. However,
using CNTs as an additive to resins and composite materials shows promise in improving the
mechanical properties [176], [177]. The properties of fiber reinforced polymer (FRP) composites
can be modified by adding CNTSs to the epoxy or incorporating them into or on the fiber. These 3+
phase structures are referred to as hybrid composites and have significant potential in the aerospace
industry [178]. This is because the addition of CNTs can not only improve the mechanical
properties of structural composites but can also transform single purpose composites into

multifunctional materials.

In the aerospace industry, the move to composite materials over traditional aluminum has been
motivated by fuel efficiency as a function of decreased weight. However, transitioning to fiber
reinforced composites decreases the conductivity and makes the craft more vulnerable to lightning
strikes even when using conductive carbon fibers [178]. CNTs are an ideal reinforcing material to
solve that problem because they are very electrically conductive. In [115] hybrid composite
materials were made with pristine and functionalized carbon nanotubes. The epoxy CNT
combination and the pristine-CNT-epoxy glass fiber composite had resistivity values that were
approximately 10 orders of magnitude below that of the epoxy glass fiber composite. When CNTs
were oxidized and used with epoxy and glass fiber there was only a decrease in the resistivity of

about 2 orders of magnitude. In situ growth of carbon nanotubes on fibers has been studied to
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create multifunction hybrid composites. In [117] study, there was an increase in the conductivity
of the material as the percent CNT increased. At just 3% loading of CNTs there was an
approximately 8 order of magnitude decrease in the resistance [117]. These drastic changes in
resistance occur when CNTs are added to insulating materials such as glass fiber. However,
research has shown that when MWCNTS are added to conductive carbon fiber (CF) FRPs and
there is an increase in the conductivity by about 50% in plane and about 30% increase in out of
plane conductivity [118]. MWCNTSs and heat treated carbon nanofibers were embedded in epoxy
resin separately and together showed the highest conductivity when mixed together [179]. While
changes to the conductivity of the original composite can be made, the total resistivity is still much

higher than that of CNT theoretical properties.

However, even with the small loadings of CNTs additional functionality is incorporated. At even
just, 0.3 wt.% CNT, hybrid composites have been shown to gain antistatic properties [119].
Concentrations at values less than 1.0 wt.% can be used for sensing applications and structural
health monitoring. In one study 3D braid hybrid composites were created with small amounts of
CNTs, 0.5 wt.%, and could discern different mechanisms of failure within the braid [120]. This is
due to the fact that small disruptions in the electrical pathways created by the CNTSs in the original
state cause large changes in the resistance of the braid. As the hybrid composite was stretched
researchers determined 5 distinct regions: initial state, micro crack formation, formation of
microcrack interactions, saturated microcracks growing at a steady rate, and a disrupted CNT
pathway [120]. The ability to detect damage was also shown in another study using glass fiber
reinforce polymers, CNTS and carbon black [121]. That study also showed that the conductivity
of these hybrid composites could be used for load detection, fatigue monitoring, and detection of

microscale damage undetectable by other methods [121]. Structural health monitoring can reduce
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maintenance costs and avoid failures before they occur. At slightly higher loadings, less than 10%
MWCNT in an epoxy resin, incorporating CNTs provides electromagnetic shielding over a wide
range of frequencies up to 26.5 GHz [180]. Another study used MWCNTSs to provide a specific
shielding of 163 dBcm3g* in the x-ray band of light [181]. The ability to shield against x-rays is
particularly desirable in space craft where cosmic radiation, has not been mitigated by the

atmosphere and can harm crew and equipment.

Another factor that needs to be considered is the anisotropy of carbon nanotube
conductivity. To get the highest theoretical conductivity, the composite needs a high packing factor
and volume fraction. To accomplish this the nanotubes must be arranged in an aligned manner. In
[116] CNTs were added in between layers of E-glass with preferential CNT orientation. The CNT
layers were oriented parallel to the warp of the woven fabric and perpendicular to the warp. In
these respective orientations, the in-plane resistances varied by over an order of magnitude with
0.079 kilo-ohms and 1.23 kilo-ohms respectively when measurements were taken in the direction
of the warp [116]. Randomly oriented CNTs distributed in a matrix will decrease the anisotropic
conductive properties but will not be able to achieve the volume fraction possible with aligned
CNTs. While anisotropy is sometimes desirable, an optimal processing method would have the
ability to create CNT composites with anisotropic or quasi-isotropic electrical properties as

needed.

Additionally, incorporating CNTs for multifunctionality often has a positive effect on the
mechanical properties and can contribute to further weight savings in the aerospace industry. This
is due to the outstanding mechanical properties of carbon nanotubes making them ideal reinforcing
materials for hybrid composites. Theoretically, an ideal structure would have a high-volume

fraction of pristine CNTSs, evenly distributed, and with controlled alignment of the CNT axes.
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There are different fabrication methods in the literature that have tried to achieve this optimal
composite structure. However, in many cases optimizing one parameter comes at the detriment of

another.

For example, one research group tackled the problem of a uniform distribution of carbon
nanotubes by growing CNTs directly onto the carbon fiber reinforcement [102]. The study showed
a 15% increase in the interfacial surface strength when carbon nanotubes were present, and a
decrease of 37% and 32% when catalyst and amorphous carbon are on the surface of the carbon
fiber [102]. Unfortunately, because the axis of the CNTs are not aligned in the fiber direction, the
CNT’s inherent strength is not being utilized most effectively. The direct growth of carbon
nanotubes onto fibers isn’t limited to unprocessed fibers, filaments or tows. Two-dimensional
cloths and as described three-dimensional carbon fiber felts have also been subjected to CVD CNT
growth processes [103]. In that study the flexural strength of the tows, cloths, and felts were
increased by 20%, 75% and 66% respectively while the flexural modulus was increased by 25%,
54%, and 46% respectively [103]. Another study showed an increase in the toughness of a woven
cloth composite with nanotubes grown on the material by 76% [104]. In [104] the failure
mechanism without CNTs was a matrix dominated shear-out failure, while the sample with CNTs
exhibited tensile fracture. When CNTs are grown on fibers they provide additional surface area
for load transfer between matrix and carbon fiber, but likely do not have their axis oriented in the

direction of the applied load.

A major drawback to the direct growth of CNTs onto fibers is that it can only be used for
certain reinforcing fibers. Specifically, only fibers that can undergo high temperatures are available
for that technique. Any polymeric material with a degradation temperature below a minimum of

600 C degrees will breakdown during typical CNT CVD growth processes. Even if the growth can
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be completed it has been shown that high temperatures can reduce fiber properties at temperatures

below degradation and melt temperatures [105].

To get around the high temperature processing parameters, electrophoretic deposition can
be used to deposit nanotubes on the reinforcing fiber in radially aligned sheets [106].
Unfortunately, that process requires the CNTSs to be easily dispersed in solution, which required
the researchers to functionalize the CNTs [106]. This is unfortunate because functionalization of
CNTs is known to decrease the mechanical properties of the individual nanotubes. However,
despite the detrimental oxidation, that research increased the tensile strength 157% by and the
modulus by 70% greater than the tensile strength and modulus of the traditionally produced FRP
in the study [106]. Another approach that avoids high temperature is to add the CNTs directly to
the epoxy. A low temperature approach that does not require functionalization for dispersion in a
solution was reported in [108]. In that study CNTs were grown in a CVD furnace and then applied
to a prepreg fabric by a transfer printing method [108]. This approach has the benefit of being low
temperature, non-oxidative, and even more importantly, it maintains the orientation of the
nanotubes in a single direction. That study showed that the mode two delamination of laminates
can be increase by approximately 300% using that method [108]. However, that approach does
not evenly distribute the nanotubes as there are CNT rich regions in-between each layer of pre-
preg ply. SEM analysis shows that the CNTs do not significantly diffuse into the regions near the
fiber reinforcements. Functionalized nanotubes have been used in filament winding by mixing the
functionalized CNT to the epoxy resin [182]. CNTs with long functional groups have also been
used to create a liquid like CNT solution, which was then mixed into epoxy resin during filament
winding [183]. In [107] the researchers impregnated glass fiber reinforced composites with

MWCNT-epoxy suspensions. Unfortunately, like in the case of electrophoretic deposition, to
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achieve even distribution of CNTS, acid-oxidation had to take place [107]. However, once again
despite the oxidation of the nanotubes the interlaminar shear strength was increased by 33% with
only the addition of approximately 0.25-1 wt.% nanotube [107]. That approach has also been used
with pristine nanotubes to create filament wound epoxy/e-glass tubes and was shown to increase
the fatigue life [184]. However, only small concentrations of CNTs were used, 0.5 and 1.0 wt.%,
because even small volume fractions of carbon nanotubes tend to bundle within the matrix [101].
This means either the volume fraction of CNTs must be kept low or a uniform distribution will be
sacrificed. Additionally, the CNTs will be randomly oriented instead of distributed with a

controlled orientation.

Even though these processing techniques have not created an optimal structure, the addition
of CNTs has improved mechanical properties in the respective studies. A process that can create
an optimized CNT FRP composite is highly desirable and will benefit the aerospace industry
significantly. By merging traditional filament winding techniques with vertically aligned spinnable
carbon nanotubes (VASCNTSs) we present a method for creating hybrid composites with controlled
CNT alignment, uniform/even disbursement, and that can be used with temperature sensitive

fibers.

6.3 Experimental Methods

6.3.1 Materials and Fabrication

The vertically aligned spinnable CNTs with a height of approximately 2 mm used in this
experiment were synthesized using a floating catalyst chemical vapor deposition (FCCVD) method
described in previous work [131], [132]. The reinforcement filaments were glass fiber E-glass

2400 Tex, 3920 filaments per two and 17 microns/filament. The epoxy was IN2 Epoxy Infusion

103



Resin with the AT30 slow hardener. This resin system was chosen for its low viscosity, 500-800

centipoise at room temperature and pot life exceeding the programmed winding time.

The composite tubes characterized in this study were created using a modified desktop filament
winder called the X-Winder. The modifications included self-centering chucks and with
simultaneous powered rotation of each chuck to provide accurate alignment and prevent slippage
in the timing belts. A flexible plastic tube was also added to guide glass filaments to the mandrel
as they leave the resin bath. A clamping mechanism was applied to this tube to squeeze excess
resin from the filaments. For the offset co-winding to be described subsequently, the carriage’s
delivery arm was modified to support the CNT array by adding an 80/20 extruded aluminum bar,

in plane to the delivery arm and parallel to the mandrel’s axis.
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Figure 6.1: a.) Filament wound CNTSs applied to a mandrel at a 45° orientation prior to b.) glass
fiber filament winding. In c¢.) a co-wound structure is shown where the CNTs are wound
throughout the thickness of the tub and consolidated through a small knitting eyelet. In d.) the
offset co-winding composite tube structure with the CNTs in an unconsolidated state.
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Table 6.1. Summary of the orientation and distribution of glass fiber and CNTs for the composites
created. *4XS had 4 time the number of CNTSs as the other structures by pre-winding 4 full layers
prior to the application of the glass fiber.

Sample Name Sample Winding Angle CNT Location Distribution
Reference
Neat Sample NS 45° No CNTs present  Unconsolidated
Inside Sample IS 45° Inside Unconsolidated
Outside Sample oS 45° Outside Unconsolidated
Co-Wound CcucC 45° Throughout Unconsolidated
Sample
Co-Wound CMC 45° Throughout Medium
Consolidated Consolidation
Co-Wound CLC 45° Throughout Large
Consolidated 2 Consolidation
4x CNT Sample  4XS 45° Inside* Unconsolidated
4 Layer Sample 4LS 45° Inside and Interior  Unconsolidated
30°Sample 30S 30° Inside Unconsolidated
60°Sample 60S 60° Inside Unconsolidated

A variety of tubes were created with various orientations and distributions of fiber glass with a
summary of these samples found in Table 6.1. Tubes with CNTs located on the inside surface were
fabricated by pre-winding the CNTs before the fiberglass. Consequently, tubes with CNTs located
on the outside surface were fabricated by post-winding the CNTs after the fiberglass. And tubes
with CNTSs located throughout the tube were fabricated by co-winding the CNTs and fiberglass
simultaneously. Knitting eyelets were used to consolidate the VASCNT ribbon. Two arbitrary
sizes were used for medium and large consolidation. The unconsolidated ribbon does not pass

through a knitting eyelet.
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The X-winder software was used to program the winding patterns for the mandrel diameter,
filament width, part length, and a maximum rotational velocity of 20 RPM. During initial
fabrication trials, the filaments were prone to slipping out of place during the first pass of the
carriage. To compensate for this problem, the X-winder was programmed to rotate the mandrel an
additional 360 degrees to prevent the filaments from slipping when the carriage’s motion reversed.
All the tested samples were created using this additional rotation and have proper filament
distributions. When the winding was complete, the filament was disconnected from the supply and
secured to the mandrel. The composite tube was then rotated on the mandrel until at least the epoxy
had reached its gel time, 8-10 hours. This was done to maintain an even distribution of epoxy and
prevent the epoxy from dripping off the composite for more consistent fiber mass fractions. The
composites cured in room temperature ambient conditions for at least 24 hours and then underwent
a 3-hour post cure at 80°C. After post cure heat treatment, the composites were cooled to room
temperature and removed from the mandrel using a 40-ton press and a steel tube with an inner
diameter of 32 mm and an outer diameter of 41 mm. After removal from the mandrel the
composites were cut to their testing dimensions using a wet saw. For the electrical measurements,
the ends of the composite where the filaments did not have a 45° orientation were cut off. For the
compression testing the composites were cut to have a 1:1 aspect ratio as described in ASTM
D696.40075 to prevent buckling. Wall thicknesses were approximately 3.7 mm thick, and tubes
of approximately 10 inches in length weighed around 30 grams. The mass of CNT added to each
sample was estimated to be maximum of 0.2 grams for all of the samples except for 4XS which
would have has approximately 0.8 grams of CNT. This estimate was based on the measured mass

of CNTs wound onto a mandrel, then normalized to the linear distance that was applied to the
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mandrel, and calculated based on the linear distance of CNT applied to the mandrel during

composite fabrication.
6.3.2 Measurements

An Agilent 34410a 6 Y% digit multimeter was used to measure the resistance of each sample listed
above. ABS digimatic calipers (Mitutoyo) were used to measure the inside diameter and outside
diameter of the composite tubes. Using these values the axial resistivity of the samples was
calculated per Equation 1 where p the resistivity, R is the electrical resistance, A is the cross-

sectional area of the tube, and ¢ is the distance between the probes [1].

p= RA/? 1)

To ensure good electrical contact between the probes and the part, the faces of the tubes
were covered with an acetone based silver paint with an acrylic binder. The through thickness
electrical resistance was also characterized by applying silver paint to the interior surface of one

end of the composite tube and the exterior surface of the other end of the tube.

The compression tests were performed using a MTS Landmark servo hydraulic 250 kN test
system in a controlled laboratory environment. These tests included axial and radial compression
loading tests at a fixed displacement speed of 1.3 mm/min as prescribed in ASTM D695.40075.
The force and displacement data were recorded by the testing machine load cell. Certain samples
were also tested while measuring the electrical resistance in real time as a function of compression.
It is essential to point out that both the testing machine data acquisition software and the multimeter
program used for recording the CNT sheet resistance change were started simultaneously with a
data collection frequency of 10 Hz to guarantee precise correlation of mechanical and electrical

resistance data. Axial yield strength was calculated according to Equation 2 in accordance with
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ASTM D695.40075 where g, is the axial yield stress, F is the maximum load, and A is the
minimum initial area. Hoop yield strength was calculated according to Equation 3 where «a is .866
and is a correction term to compensate for non-ring geometries where « is equal to 1.0, P, is the
maximum load, 7, is the initial outer radius, t,is the initial thickness, and [ is the length of the
cylinder [185], [186]. 2-3 replicates were tested for each sample for each directions, axially and

radially.
o, =F/A 2

Op = apcrro/tgl 3)

6.4 Results and Discussion

The electrical conductivity of the samples varied over a range of 11.0-83.8 S/m with the
most conductive sample having the highest concentration of nanotubes and the least corresponding
to the sample with medium consolidation wound throughout the thickness. As expected, the
through thickness conductivity measurements showed that only samples with any significant
conductivity were those which had CNTs wound throughout the sample. The four-layered tube,
4LS, showed very slight conductivity between the two layers however, there was still over 7 orders
of magnitude difference between this value and the axial conductivity for the individual CNT
layers. Samples 8 and 9 were created to show the difference in the axial conductivity as a function

of the winding angle. In Figure 6.2 the various winding angles and alignments can be seen.
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Figure 6.2: a.) Filament wound composites with various winding angles. Left to right 30°, 45°, 60°
winding orientations. b.) Filament wound composite tubes with various CNT locations and
distributions. c.) Filament wound composite tubes cut down for compression testing.

It was expected that the lower the winding angle the greater the electrical conductivity

would be. However, the opposite was recorded when measuring Samples 8 and 9. Additionally,
the sample wound with a single layer of nanotubes located on the interior surface of the tube with
a 45°orientation had a conductivity that fell outside of the values for Samples 8 and 9. These
unexpected results could be due to the inherent differences in the nanotube growths from one array
to another. It’s possible that the winding speeds played a role on the electrical conductivity,

however this is likely a negligible affect since they only varied between 19.3, 19.6 and 19.8 RPM
for the 60°, 45°, and 30°samples respectively.
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Table 6.2: Electrical properties of filament wound composite tubes.

Sample # Axial Conductivity  Through Thickness
S/m Conductivity S/m
NS 0 0
IS 31.41 0
0S 16.13 0
CucC 14.37 8.04
CMC 10.99 1.95
CLC 11.76 0
4XS 83.83 0
4LS 37.35 See Below
30S 35.78 0
60S 33.00 0
Connection Points  Axial Conductivity
(Left — Right) S/m
4LS Interior — Inside 3x10°
4LS Interior — Interior 18.90
4LS Inside — Inside 19.55
4LS Inside - Interior 3x10°®
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Figure 6.3: Composite tubes on the MTS between platens at various degrees of strain and failure
for axial and radial compression.
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Figure 6.4: Stress strain curves for axial compression of the NS and OS samples.
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Figure 6.5: Stress strain curves for radial compression of the NS and OS samples

The axial yield strength for the composite tubes is shown in Figure 6.6. The yield strength of the
material was found to vary from 75 MPa (12.25 kN load) for the neat composite without any
nanotubes, NS, up to 102 MPA for the 4-layered tube 4LS. The location of the carbon nanotubes,
inside vs outside vs throughout had a significant effect on the yield strength of the samples. The
CNTs that were applied to the outside of the composite tube, OS, showed the greatest increase in
yield strength 24.89%. Followed by the tube with the CNTs wound throughout without at 20.91%

and then the inside coating which had only a marginal increase of 3.25%.

113



120

100

80
60
40
20
0
NS IS (O Cuc cMC CLC 4xS 4LS

Figure 6.6: Yield strength of the composite tubes under axial compression.

Axial Yield Strength (MPa)

The nanotubes have a high tensile strength, and any load transfer from the matrix to the nanotubes
would strengthen the composite. It is likely that the composite created with the nanotubes wound
throughout the sample has the best encapsulation of nanotubes by the epoxy. This is because for
IS the CNTs had all been added to the mandrel before the epoxy was introduced and therefore the
epoxy had to diffuse through the layers of CNT. For OS the opposite was true; the none of the
CNTs had been applied when the last amount of epoxy was added. Therefore, the CNTs had to
soak into the epoxy and did not have the added benefit of the tension applied by the filaments as
they wrapped around the CNTs as in the case of IS. However, the outer coating of CNTs showed
the greatest increase in the yield strength. This is likely due to the fact that when the tubes fail
under axial compression the outer walls extend outward undergoing plastic deformation.
Therefore, the presence of the nanotubes at this outer layer prevents crack propagation in the epoxy

matrix. Considering the strength of a material is controlled by flaws and defects mitigating crack
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propagation can have a strong impact on strength. For CUC, while there are not as many CNTs on
the outside of the tube and it was not quite as strong as OS there was still a significant increase of

20.91% in yield strength.

The location of the nanotubes is not the only factor that affected the yield strength. The
distribution of nanotubes, unconsolidated vs medium consolidation vs high consolidation, also
affected yield strength. In Samples 4 and 5 the nanotubes are located throughout the composite
tube just as in CUC. However, the increase in yield strength is much lower. This is likely due to
the fact that in Samples 4 and 5 while the CNTs are evenly distributed on a large scale, at the nano
scale there are epoxy rich regions and CNT rich regions. While it might be expected that the
medium consolidation would have a strength in between the unconsolidated sample and the high

consolidation this was not what was measured.

Once the CNTs have been consolidated to the point where the mean distance between
CNTs is greater than the critical crack propagation length, the strengthening mechanism will no
longer function. This would explain why Samples 4 and 5 were not as strong as CUC. The amount
of CNTs also plays a role on the yield strength of the samples. 4XS had 4 times as many CNTSs as
IS and showed a 16.54% increase in yield strength over the moderate 2.82% of IS. Interestingly,
4LS showed the greatest increase in yield strength of any sample, despite having the same ratio of

CNT to number of layers of glass fiber as all the samples except 4XS.
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Figure 6.7: Max loads of the composite tubes under radial compression applied tangentially by flat
platens.

The max radial load for each sample is shown in Figure 6.7. Interestingly, the CLC sample
sustained the highest max load a summary of the max radial load and percent change to the NS is
show in Table 6.3. However, these values are very sensitive to the dimensions of the sample and
may not be representative of the various CNT treatments. There was also concern that the changes
in the yield strength may be due to differences in the mass fraction of matrix material. To address
this concern, the mass fraction of epoxy was measured in accordance with ASTM D2584 and the
values can be found in Table 6.3. This concern arose from the fact that while the number of glass
fiber filaments in the cross section of the sample is constant for each sample, the resin limiting
mechanism is not as precise. While the load values are normalized relative to the cross sectional
area into stresses, the strength of composite materials is known to have an affect on the materials
strength. Unfortunately, the mass fractions did not come out exactly the same as the NS and were
all below the NS. However, they were all within +/- 3% of each other and the biggest deviation

from the NS was only approximately 6%. Additionally, the strongest tubes OS and CUC had fiber
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glass mass fractions that varied only by -2.9% and -2.47% respectively. The affect of the epoxy
mass fraction cannot be completely ruled out as having an affect on the strength. However, because
sample with the smallest increase in mechanical properties, CMC, also corresponded to the largest
deviation in the fiber glass mass fraction it seems unlikely that the strongest tubes gained the
additional strength solely from the additional matrix material. It is much more likely that the CNT

tubes are playing a role on the mechanical properties.

Also, composite tubes were created with the CNTs offset from the glass fiber so that half of the
tube had CNTSs incorporated into the resin half of it did not. These samples allowed for a direct
comparison of the effect of CNT incorporation independent of matrix mass fraction. This sample
was created with an unconsolidated CNT sheet wound through the tube’s wall thickness. In the
axial and radial directions, the CNT part of this sample showed a 9.5% increase in axial strength

and 19.7 % increase in radial load over the neat part of the composite tube respectively.

Table 6.3: Summary of axial yield strength and radial max load of the composite tubes and the
percent change compared to the neat sample without CNTSs.

Sample# Axial Yield Percent Change Max Percent FiberGlass
Strength Compared to Radial Change Mass Fraction
(MPa) Neat Tube Load Compared to
(KN) Neat Tube

NS 75.98 0% 1.05 0.00% 63.94%

IS 78.44 3.25% 0.99 -4.84% 61.83%

(0K} 94.89 24.89% 1.14 9.24% 61.04%
CcucC 91.87 20.91% 1.27 21.07% 61.47%
CMC 78.12 2.82% 1.29 23.85% 55.98%
CLC 82.48 8.56% 1.40 33.88% 57.56%
4XS 88.54 16.54% 1.24 19.01%
4LS 102.83 35.35% 3.13 199.70%
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To determine the ability of these CNT layers to function as structural health monitoring sensors
electrical resistance measurements were made during compression tests on 4LS. The real time
resistance changes measured for 4LS are plotted on top of the axial stress-strain curves shown in
Figure 6.8 in Figure 6.9 these same values are plotted for the hoop-stress. While electrodes were
attached to measure the inside and interior CNT layers, during the compression the displacements
caused the electrodes to lose contact with the inside CNT pathway around 3% strain. These
measurements were not included in the plots as they only represent a small portion of the
experiment and there is no guarantee the data is representative of the sample or an artifact of the
electrodes losing contact. Both the axial compression and radial compression showed net increases
in the resistance at the high values of strain. For the axial direction the change was about 1200%
of the initial value and for the radial direction the there was approximately a 200% increase. While
there were over all positive changes in the resistance, there were also some oscillatory changes at
high strain values. This is particularly true for the radial compression sample. In the radial sample
there are a couple of locations where there is a drastic decrease in the stress in the sample. These
locations correspond to fibers breaking in the sample which was accompanied by an audible
cracking noise. It is interesting that there was not a corresponding drastic change in the resistance
values. One possibility is that the sampling rate for the strain data was 10 times as high as the
resistance data and could just have been overlooked due to the frequency. However, these changes
did occur in the regime where the resistance values are largely constant. Also, if there were a large
change in resistance associated with these filaments cracking, it would be reasonable to assume
that the resistance change would be present after the multimeters next measurement. As this was
not witnessed it suggests that the changes in resistance are not associated with changes in the

filaments but rather with the matrix epoxy.
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While these trends are interesting, the strain values are well beyond the yield point and do
not really provide useful information for structural health monitoring. In Figures C b.) and D b.)
we see the stress-strain relationship and the resistance values plotted to strains just past the strains
corresponding to the yield strengths. Examining these plots, we see that the resistance initially
decreases with compressive strain and then begins to level out as the strains approach the yield
point. The decreases in resistance are likely due to the compressive forces increasing the number
of contact points between the CNT nanotubes and simply changing the gauge length and cross-
sectional area between the electrodes. The point at which it begins to level out can be explained
by the formation of microcracks which disrupt the electrical pathways. These disruptions to the
electrical pathway happen to be occurring at a rate that is in equilibrium with the increases

witnessed in the initial strains.
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Figure 6.8: Stress-strain curves with real time resistance measurements for axial compression of
the four layered composite structure. Resistance measurements represent the interior CNT pathway
a.) the full strain measured b.) strain values just past strains that correspond to the yield stress.
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Figure 6.9: Stress-strain curves with real time resistance measurements for radial compression of
the four layered composite structure. Resistance measurements represent the interior CNT
pathway.

This filament winding technique was also used to create high volume fraction CNT composites
that did not have any fiberglass reinforcement. However, these tubes had very small wall
thicknesses and were very fragile. Some of these samples fractured as they were removed from the
mandrel. Optical images of these tubes shown in Figure 6.10 show that the fractures occurred
approximately along 45° angles with the respect to the tube’s axis. This is interesting as it is the

same angle at which the CNTs are aligned.
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Figure 6.10: CNT epoxy tubes creating using filament winding techniques. Fracture occurred
during the removal from the mandrels along 45 degrees

Due to the extreme fragility of these samples, they were not tested for mechanical or electrical
properties. Creating thicker walled samples would have required tremendous amounts of

nanotubes, even for short, small diameter tubes.

6.5 Conclusion

Merging filament winding and spinnable carbon nanotubes has created a technique that can create
hybrid nano-composites with controlled CNT orientation, distribution and volume fraction. The
addition of carbon nanotubes incorporates electrical conductivity into traditionally electrically
insulating glass fiber composites. It was demonstrated that these electrical pathways can be used
for structural health monitoring and sensing applications. Additionally, the incorporation of CNTs
was shown to increase the axial yield strength and max radial load. The distribution of these
nanotubes plays an important role on yield strength. Incorporating nanotubes into the outer surface

of the composite tubes causes the greatest increase in yield strength compared to the inside surface
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and distributed throughout the wall thickness. These hybrid nano composites have the potential to

become the standard in the aerospace industry as a conductive, structural composite.
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7. Summary and Future Work
7.1 Summary

Merging filament winding technology with VASCNTS has proven to create structures of various
dimensionality with properties that are highly dependent upon the winding angle. The objective
of this research was to develop the techniques to create these structures and to then characterize
the properties as a function of the processing parameters and the structure property relationships.
There was a heavy focus on the electrical properties and this was the constant theme throughout
the research. The mechanical properties of 2 dimensional adhesive films and 3-dimensional
hybrid composites were also analyzed as well as the thermal properties as the 2 dimensional

adhesives films. The results and conclusions from this research are as follows:

e Conductive conformal coatings were created by the direct winding of carbon nanotubes
onto small diameter filaments. The resistivity of the samples was manipulated over
approximately an order of magnitude from 4.3x10* to 3.7x10° Qm. The resistivity
decreased as the thickness of the coating increased for a given winding angle this was
assumed to be a processing relationship. It was also possible to manipulate the resistivity
by changing the angle between the axis of the carbon nanotubes and the axis of the
filament. The structure property relationships were shown to be affected by tube-tube
contacts and decreases when CNTs are consolidated and the number of tube to tube

contacts increases.

e The electrical properties of CNT adhesive films were determined to be highly anisotropic

as a function of the angle between current direction and CNT axis. These electrical
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properties included the temperature dependence of resistivity in both the magnitude and
percent change. However, both of these Both directions show evidence have a negative
temperature dependence and both show hopping conduction with a linear In(cT"(1/2) )
versus T((-1Y4) dependence. Aharonov-Bohm oscillations in the magnetoresistance
indicating topological conduction when the current flows along the CNT axis are not
present in the perpendicular direction and indicate a fundamentally different mechanism.
Also the magnetoresistance itself is anisotropic with a maximum value of approximately
15% AMR with positive and negative MR values. However, when the current flows
perpendicular to the nanotubes the AMR is about 3% given the CNT films and a change

in AMR value of about 12%.

The addition of carbon nanotubes to epoxy adhesives via filament winding has produced
electrically conductive samples with specific conductivity on the same range or greater
than commercial silver filled epoxies. The addition of CNTs can be used to increase the
lap shear strength of the adhesive and change the failure mechanism from cohesive to a
mixture of cohesive and adhesive. The through thickness thermal conductivity as
estimated to be greater than that of neat epoxy, but still much lower than metallic filled
commercial options. It is assumed that better consolidation would result in an epoxy with
higher through thickness conductivity. Also, the in plane thermal conductivity should be
much higher when aligned with the CNT axis. The electrical and mechanical properties
are sensitive to the volume fraction of nanotubes present and reached their respective
maximums at different values. This technique allows users to create adhesives with

properties that vary over a wide a range and can be engineered to match the application.
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Additionally, the technique can create adhesives with electrical properties and lap shear

strengths with a varying degree of directionally dependence.

e Merging filament winding and spinnable carbon nanotubes has created a technique that
can create hybrid nano-composites with controlled CNT orientation, distribution and
volume fraction. The addition of carbon nanotubes incorporates electrical conductivity
into traditionally electrically insulating glass fiber composites. It was demonstrated that
these electrical pathways can be used for structural health monitoring and sensing
applications. Additionally, the incorporation of CNTs was shown to increase the axial
yield strength and hoop yield strength. The distribution of these nanotubes plays an
important role on yield strength. Incorporating nanotubes into the outer surface of the
composite tubes causes the greatest increase in yield strength compared to the inside
surface and distributed throughout the wall thickness. These hybrid nano composites have
the potential to become the standard in the aerospace industry as a conductive, structural

composite.

7.2 Future Work

The variation from growth to growth is the biggest difficulty I’ve encounter in comparing the
samples I’ve created. The level of precision and control required to create arrays with identical
properties is something that is not currently possible and may never be attainable. Even the
properties from one end of the array can vary in comparison to the other end. This is particularly
true with regard to the spinnability of the edges of the CNT substrate that first encounter the gas
particles and the edge that is contacted last. | think all of the work would benefit from increasing

the number of samples tested over a range of CNT growths. This would provide data that is more
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statistically significant in nature regarding the process used to create the samples, however the
work in this dissertation serves well to act as a proof of concept and the data is representative of
the samples that were created. The follow are ideas and projects that | think show promise to
make an impact on the scientific community and also for engineering applications and are

categorized by the chapter in this dissertation they are most related to.

7.2.1 Chapter 3 Future Work

The filament coating process could create uniform conformal coatings and has the
potential to function as an effective light weight coating for EMI shielding. This capability is not
something that our lab had the capability to test. | think it would be beneficial to coat copper
wires with CNTs and the measure the EMI shielding. Another project that I think would benefit
the research is to determine a way that can isolate all the factors that affect the tension of the
system. This study examined the effect of rotational velocity on the electrical properties, but
there remain other factors that were not isolated. The distance between the between the contact
point with the array and the filament. Developing a stage delivery arm that can maintain this

distance would isolate the tension in the ribbon due to variable lengths of ribbon.

7.2.2 Chapter 4 Future Work

I would like to demonstrate the ability to use these devices as magnetic field sensors. This
sensor would essentially function by monitoring the resistance as it is expose to a magnetic field
of unknown strength and then calculating the field strength based on the calibrated response
previously determined. The sample’s magnetic field strength would then also be measured using

a standard measurement device. Potential benefits of this structure over other measurement
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devices is that it can measure magnetic fields without being magnetic itself, the sample can likely

be scaled down to nanoscale dimensions, is a light weight/low density structure.

The computer industry is approaching the limit of silicon based transistors. CNTs have
the theoretical capability to function as field effect transistors with properties greater than silicon
based counter parts. | would like to test the feasibility and capability of the structure as a high-

speed field effect transistor.

A large component of the resistance of CNT based structures is the resistance associated
with the hopping conduction as charge carriers transition from one material to another. Itis
likely that the resistance of these structures would be decrease significantly if this factor was
removed. A potential way to accomplish this is to use high frequency alternating current. If the
displacement caused by the electric field is significantly smaller than the length of the CNT, the
charge carriers would not have to transition from one tube to another. Additionally, if the charge
carrier displacement is below the ballistic conduction length of the CNTSs the resistance could
decrease further. Therefore, 1 would like to determine the effect of AC frequency upon the

resistance values.

Finally, I think this structure has the potential to make an impact upon the field of
thermo-electrics. The anisotropic nature of the structure can optimize the electrical conduction in
one direction while minimizing thermal phonon conduction in the other direction. Additionally,
the ability of CNTSs to be functionalized means this structure can be created with both hole and
electron charge carriers. Measuring the Seebeck coefficient of this material compared to the neat
epoxy would provide insight into the use of the aligned CNTs with traditional thermoelectric

materials.
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7.2.3 Chapter 5 Future Work

The through thickness thermal properties were measured and found to be slightly higher
than the epoxy but still much lower than metal filled counterparts. | would like to characterize
the thermal properties in the in-plane directions as they are likely to be much higher than the
through thickness directions because of the alignment with the CNT axis. | would also like to
repeat the process with a thermoplastic polyurethane (TPU) for use in textile applications for
smart textiles. These TPU composites will be more flexible than rigid epoxies but still have good
adhesion and transference to textile structures. Based on these thermal properties, | would also
like to incorporate traditional thermoelectric materials into the adhesive solution and drop this
onto the structure. Thermoelectric materials have the potential to replace mechanical based
heating and cooling air conditioning components and resistive heaters providing a more efficient
option. For this to occur the figure of merit needs to be increased. |1 would like to determine the
figure of merit for the structure compared to the traditional material and the material in the

epoxy.

7.2.4 Chapter 6 Future Work

The effect of matrix mass fraction was never fully isolated in this experiment and
redesigning the machine to apply resin at a controlled rate at the contact point between the
filament and the mandrel. This type of application may not wet the glass fiber with the epoxy as
well and could introduce different problems but could be optimized. While high volume fraction
CNT composite were created without using any glass fiber these structures were incredible
brittle and not able to be tested. | would like to create hybrid composite materials with higher
CNT fractions on the outer coating surface and throughout the glass fiber structure as these were
the most promising locations. This can be done by simply winding additional layers on the outer
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surface. For the throughout winding, high CNT fractions is more difficult to accomplish but can
be done by using wider arrays or creating a specialized holder that will allow multiple arrays to
be applied to the mandrel all at once. This could also be done by adding the CNTs from a static
stage rather than the carriage. However, this means that the CNTs would have a different
alignment from the fiber glass. Therefore, I would also like to test the properties of samples with
CNTs aligned at different winding angles in comparison to the neat glass fiber composite tubes. |
would also like to study the effect of CNT location and distribution on composite tubes with
multiple layers to compliment the four-layered sample which only had CNTs on the inside and
interior interfaces. | would also like to demonstrate the functionality of the structural health
monitoring during cyclic loading. Fatigue based failure is a major problem and if these CNTs can
provide insight into the internal structure after loading and unloading cycles they could prevent
failure and decrease costs associated with ex-situ testing techniques to measure the structural
health of materials. Finally, | would like to create samples on a larger mandrel that can partially
cured, removed, and the flattened into a pre-preg like structure. This would demonstrate the
capability of the production technique to manufacture additional structures rather than just tube

structures.
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