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ABSTRACT

In this work, several novel techniques to fabricate nano-engineered polymeric composites
(or nanocomposites) containing functionalized carbon nanofibers (CNFs) were developed. The
methodologies address current manufacturing issues of nano-engineered polymeric composites
by effectively incorporating functionalized CNFs into polymer matrix and glass fiber layers. For
polymeric nanocomposites, optical images of the nanocomposites revealed uniform distribution
and alignment of the CNFs in the direction of the electric field. Due to the similarity in the
alignment morphology, it was observed that alignment structure of the functionalized CNFs was
independent of the functional groups grafted to the CNFs. Test results indicated that mechanical
and electrical properties (measured parallel to the direction of the aligned CNFs) of
nanocomposites containing aligned CNF network were improved in comparison to
nanocomposites containing randomly distributed CNFs and neat epoxy sample. Discussion
regarding the contribution of CNF type towards the mechanical and electrical properties is
presented. In the first hierarchical composites study, functionalized CNFs were uniformly
incorporated into glass fiber layers without inducing significant CNF agglomerate through a
simple filtration process. Both in-plane and out-of-plane electrical conductivity of hierarchical
composites were comparable to the conductivity of carbon fiber composites due to the formation
of conductive path by CNFs. The second study presented the synthesis of functionalized
CNF/glass fiber assembly demonstrating that functionalized CNF entangled network can be used
to join glass fiber layers in the absence of polymer matrix. Test results showed that the peeling
force required to separate the functionalized CNF/glass fiber assembly was significant due to the
functionalized CNF entangled network. Possible explanations for both studies are provided in

order to investigate the contribution of functionalized CNFs in each form of material.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Scope

As the nanotechnology research rapidly evolves within material science and engineering
discipline, carbon nanofibers (CNFs) have attracted considerable research attention in the past
two decades. CNFs with unique one-dimensional nanostructures possess an exceptional
combination of mechanical, electrical, and thermal properties along with high specific surface
area and low density. Previous studies showed that the tensile strength and Young’s modulus of a
single CNF range from 2.35-2.90 GPa [1] and 6-285 GPa [2], respectively. In addition, several
studies reported that the electrical resistivity and thermal conductivity of CNFs are in the range
of 4x10” Q.cm [3] and 2,000 W/m.K [4], respectively. Combining their ease of processing, low
cost, and availability, CNFs have been extensively used as an ideal building block for the
creation of next generation advanced composites —nano-engineered polymeric composites— with
improved properties and multi-functionality. Such advanced composites can be potentially used
for aerospace, naval, energy, electromagnetic interference (EMI) shielding, electrostatic
dissipation (ESD), automotive industry, electronic, and biological applications [5-10].

Despite of their interesting properties, the use of CNFs in nano-engineered polymeric
composites (or simply nanocomposites) is greatly hindered by several issues at material
constituent level and processing stage. To effectively exploit the capability of CNFs when
manufacturing nano-engineered polymeric composites, several manufacturing challenges must
be overcome: (1) uniform CNF dispersion in polymer matrix, (2) orientation of CNFs in
composites, (3) homogeneous distribution of CNFs on the reinforcement fabrics, and (4)

chemical bonding or compatibility among CNFs, the matrix, and the micro-sized reinforcement



fibers. These challenges, in general, will also be encountered when other carbon nanomaterials

such as carbon nanotubes (CNTs) are used to fabricate nano-engineered polymeric composites.
In the context of this dissertation, the inherent manufacturing challenges to incorporate

carbon nanomaterials (CNFs or CNTs) into polymeric composites [11, 12] and advanced fiber-

reinforced composites [13-17] will be highlighted individually, as illustrated in Figure 1.

Issues

- Van der Waal
CNF/CNT ] |rﬁgurﬁ; aas

= Processing

Challenges Challenges
« Distribution « Dispersion
« Orientation « Orientation
= Bonding = Bonding
Fiber Preform Polymer

e

| |

: Hierarchical Polymeric I

1 | Composites Nanocomposites :

|

l o e e o e e |

Nano-engineered
Polymeric Composites

Figure 1. Issues and challenges related to manufacturing of nano-
engineered polymeric composites.
When manufacturing polymeric nanocomposites containing carbon nanomaterials,
uniform nanomaterial dispersion in polymer matrix is the key prerequisite to fabricating
nanocomposites with improved properties. By attaining a uniform dispersion in the polymer

matrix, effective load transfer from the matrix to nanomaterials can be achieved when the



nanocomposites are subjected to external load. However, it is difficult to uniformly disperse
nanomaterials into polymer matrix due to van der Waals forces and high aspect ratio that cause
nanomaterial agglomerates. Even though uniform dispersion is achieved during the mixing
process, nanomaterials would re-agglomerate during curing of nanocomposites due to the lack of
stability in the polymer matrix. Previous investigations [18, 19] showed that nanomaterial
agglomerates are often detrimental to the resulting polymeric nanocomposites because of
degradation in mechanical properties. Furthermore, the absence of chemical linkage between
nanomaterials and polymer matrix could cause nanomaterial slippage and thus weaken the load
carrying capability of nanocomposites [20-22]. Other investigations revealed that mechanical
and electrical properties can be further improved when nanomaterials are selectively oriented
along a preferential direction [23, 24]. To simultaneously satisfy the abovementioned criteria,
various processing techniques such as chemical functionalization, mixing, and alignment
methodologies must be adapted in order to manufacture polymeric nanocomposites with
promising features.

Another class of composites that will be discussed is advanced fiber-reinforced
composites. Fiber-reinforced polymeric composites (FPRCs) are well known for their excellent
in-plane strength-to-weight and stiffness-to-weight properties, which are dominated by the 1-D
(unidirectional) or 2-D (plain or satin weave) fiber architectures constructed with high
performance carbon, glass, or Kevlar fibers. Conversely, FRPCs suffer from poor interlaminar
fracture toughness and shear strength due to the presence of weak link between FRPC laminates
that is dominated mainly by the properties of polymer matrix. For this reason, scientists and
engineers have been actively seeking for an effective strategy to better reinforce the interlaminar

region of FRPCs. Some examples of the developed methods to this drawback include through-



the-thickness stitching, z-pinning, and 3D braided fibers [25]. However, FRPCs manufactured
following these methods often exhibit weaker in-plane mechanical properties due to fiber
displacement/misalignment and low fiber volume fraction. The use of carbon nanomaterials in
composites, on the other hand, has led the research of FRPCs to another groundbreaking horizon
in terms of property improvement and multi-functionality. Carbon nanomaterials characteristics
such as high strength, modulus, and high electrical and thermal conductivity along with low
density have triggered tremendous interest within the research community to develop
manufacturing techniques that seek the creation of a new class of nano-engineered fiber-
reinforced composites —hierarchical composites— with improved and controlled properties.
Particularly, numerous studies have shown that the interlaminar shear strength, mode-I fracture
toughness, out-of-plane electrical and thermal properties can be significantly enhanced by
properly incorporating carbon nanomaterials into traditional FRPCs [15]. Moreover, the
conductive network formed by nanomaterials distributed within hierarchical composites can be
used for structural health monitoring purpose [26]. To date, there are five main approaches to
manufacture hierarchical composites, namely (1) injection of nanomaterial/polymer mixture into
the preform [13], (2) direct placement of nanomaterials between laminates [27], (3) growth of
nanomaterials on reinforcement layer through chemical vapor deposition (CVD) [28], (4)
deposition of nanomaterials onto the reinforcement layer [29], and (5) coating reinforcement
fibers with sizing agent containing well-dispersed nanomaterials [30]. While successfully
performed at the laboratory scale, some of these methods are not cost-effective and are limited

by chemical incompatibility and concentration needed for reinforcement purpose.



1.2 Research Objectives

This research is aimed at obtaining fundamental understanding of processing and
characterization of various nano-engineered polymeric composites through different novel
processing techniques. These findings are intended to aid in the creation of next generation
advanced composites. Based on the motivation and scope of this research, the objectives of this
research are as follows:

e Develop a process to fabricate polymeric nanocomposites containing aligned
functionalized CNFs and characterize the dispersion, alignment morphology, mechanical
and electrical properties of such nanocomposites.

e Develop a scalable process to effectively incorporate functionalized CNFs into glass fiber
layer for manufacturing hierarchical composites with enhanced electrical conductivity, as
well as to join glass fiber layers using a functionalized CNF entangled network.

Chapter 1 provides an introduction to the subject where the main challenges and issues
related to manufacturing nano-engineered polymeric composites are discussed and the research
objectives are presented. Chapter 2 presents an extensive review related to CNFs, where the
structure, synthesis, and properties of CNFs are examined along with various processing
techniques and characterization of the properties of nano-engineered polymeric composites. In
Chapter 3, a novel approach to fabricate polymeric nanocomposites containing aligned
functionalized CNFs is developed and the dispersion, alignment morphology, and properties of
resulting nanocomposites are discussed. Chapter 4 presents the synthesis and characterization of
hierarchical composites made of CNF/glass fiber layers, as well as demonstrates the formation of
out-of-plane reinforcement in CNF/glass fiber assembly by using solely CNF entangled network.

Finally, Chapter 5 presents the conclusions of the work along with recommendations.



CHAPTER 2

LITERATURE REVIEW

2.1 Background of Carbon Nanofibers

The synthesis of carbon filament by Hughes and Chambers in 1889 is regarded as the
origin of carbon nanofibers (CNFs) and marked an important milestone for the modern
development of CNFs. The true application of CNFs came much later when scientists and
engineers realized that excellent material properties can be harvested by incorporating PAN-
based and pitch-based carbon fibers into composites in the 1970s and 1980s. At that time, high
manufacturing cost of PAN-based and pitch-based carbon fibers had forced researchers to
synthesize vapor grown carbon fibers (VGCFs) with size and properties similar to conventional
carbon fibers from hydrocarbons at a more affordable cost [31]. The resulting VGCFs were
found to possess two types of textures subjected to two different growth processes: core sections
with long and straight carbon assemblies caused by catalytic effect and external sections with
carbon deposition during the thickening stage [32]. Further studies of VGCF synthesis showed
that growing the predecessor of carbon filaments was very encouraging and nanometer sized
filaments can be efficiently grown inside the reacting chamber. Eventually, these findings
triggered the researchers to modify the synthesis process for continuous production of
submicron-sized filaments, known as vapor grown carbon nanofibers (VGCNFs) and later
simply CNFs, without unwanted carbon filament thickening effect. Nowadays, CNFs are
continuously produced at large scale and are available in large quantity at price range from

$100/Ib to $500/1b [33].



2.2 Structure, Synthesis, and Properties of Carbon Nanofibers
2.2.1 Structure of Carbon Nanofibers

CNFs are hollow-core cylindrical nanostructures that consist of either a single-layer (left
image) [11] or double-layer (right image) [34] graphite planes stacked parallel or at certain angle
with respect to its longitudinal axis, as shown in Figure 2. In some cases, CNFs are also known
as cup-stacked carbon nanotubes. Depending on the stacking geometry of graphite planes, the
structure of CNFs can be categorized into parallel [34], bamboo-like [35], and cup-stacked [36,
37] arrangement. Because of their nano-scale diameter and micron-scale length, CNFs with high
aspect ratio, ranges between 250 and 2,000, fill the gap of dimensional hierarchy among
commercial carbon fibers, single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon

nanotubes (MWCNTs), as summarized in Table 1.

Figure 2. TEM images of individual CNF with single-layer
graphite (left) [11] and double-layer graphite (right) [34].



TABLE 1

DIMENSIONS OF COMMERCIAL CARBON FIBERS, CNFS, AND CNTS

Material Diameter (nm) Length (um) Aspect Ratio
Carbon Fiber [38] 5,000-20,000 3,200 10-50
CNFs [39] 60-200 30-100 250-2,000
SWCNTSs [38] 0.6-1.8 0.5-30 100-10,000
MWCNTSs [38] 5-50 10-50 100-10,000

By using advanced electron microscopy techniques, numerous researchers have been able

to image the interior and exterior configuration of individual CNF. Endo et al. [36] utilized high-

resolution transmission electron microscope (HRTEM) to investigate the cross-section of a cup-

stacked CNF. Figure 3 clearly showed that the CNF possessed a hollow interior surrounded by

concentric cup-stacked graphite planes that lie at an angle between 45° and 80°. The authors also

found that the exposed graphite plane edges along the interior and exterior of CNF were covered

by amorphous carbon and they can be chemically or thermally treated to facilitate the attachment

of chemical functional moiety. Besides revealing the interior and exterior configuration of CNF,

an attempt to measure the d-spacing of graphite planes of single layer CNF was performed by

Miyagawa and coworkers [40]. Interestingly, the study highlighted that the d-spacing between

two adjacent graphite planes is 0.34 nm (3.4 A) which corresponds to the spacing between the

concentric walls of MWCNTs and graphite platelets.



Figure 3. HRTEM image of the side-wall of a CNF with cup-
stacked configuration. The inset schematically illustrates the cup-
stacked configuration of CNF [36].

2.2.2 Synthesis of Carbon Nanofibers

CNFs are predominantly synthesized through a bottom-up method, which involves
chemical vapor deposition (CVD) of decomposed hydrocarbons such as natural gas, propane,
acetylene, benzene, ethylene or carbon monoxide over the surface of metal or metal alloy
catalyst. The catalyst can be deposited on a substrate or directly fed with the gas phase feedstock
before growing CNFs. CVD process is by far the mostly used and cost-effective method to
synthesize CNFs and it is usually performed in a reactor operated at a temperature range of 500-
1,500 °C [3]. The other CNF synthesis method, which involves carbonization of electrospun
polyarcylonitrile (PAN) nanofibers at different elevated temperature, was demonstrated by
Salman et al [41].

In general, as-synthesized CNFs are covered with layers of amorphous carbon and
impurities that may degrade their properties; therefore, as-synthesized CNFs can be further
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subjected to graphitization of CNFs exterior layers or recrystallization of the nested graphite
planes. The former process results in CNFs with higher mechanical and electrical properties due
to alignment of the outer layer parallel to the longitudinal direction; whereas the latter approach
results in lower properties due to the formation of discontinuous conical crystallites. Studies have
shown that the volumetric electrical resistivity of CNFs after heat treatment is in the range of 107
Q.cm to 10° Q.cm. The optimum heat treatment temperature for CNFs was investigated by
Tibbetts et al. where the authors found that optimum mechanical and electrical properties can be

achieved by heat treating the CNFs at 1,500 °C and 1,300 °C, respectively [42].

2.2.3 Properties of Carbon Nanofibers

To better understand the overall properties of nano-engineered polymeric composites, it
is imperative to investigate the properties of each material constituent from different aspects.
However, the direct measurement of mechanical, electrical, and thermal properties of a single
CNF has been practically a tedious task due to the structural complexity of CNF derived from
variations in inner and outer wall thickness, cone angle, orientation of graphite planes, and
carbon-carbon bonds. Rather, the direct properties measurements of a single CNF can be enabled
only with the aid of appropriate assumptions and simplifications other than high-sensitivity
instruments. Table 2 summarizes typical physical properties of CNFs, SWCNTs, MWCNTs,

commercial carbon fibers, and selected metals.
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TABLE 2

MECHANICAL, ELECTRICAL, AND PHYSICAL PROPERTIES OF VARIOUS

MATERIALS
Young's Electrical . Specific
Material Stggg]t L Modulus Conductivity I[De/r(':lrsrztgy]/ Strength
[GPa] [S/m] g [MPa-m*/Kg]
2.35-2.9[1] 6-285 [2] 10°[43] 1.95 [43] 1.49

'VIWCNT 35-82 [44]  590-932 [44] 10°[45] 1.3-2.25[12]  15.5-63.08

S 97,110 [44] 990[;1‘;]105 10°[45]  1.33-1.4[12]  69.29-82.71

Carbon

SIHIGIIYS 4.65-6.35 6.66 x 10*
Baced 6] 285 [46] 046] 1.78 [46] 2.61-3.57
Precursor)
Aluminum 1.91 x 10’
C075.Te 0.572 [46] 71 [46] T 2.80 [46] 0.204
Steel 316
(cold drawn PR 193[46]  1.5x10°[46]  8.00 [46] 0.075

and
annealed)

2.2.3.1  Mechanical Properties

Tanil et al. [1] performed direct measurements of tensile strength and modulus of three
different types of CNFs (PR-24-XT-PS, PR-24-XT-HHT-LD, and PR-24-XT-HHT-LD-OX from
Applied Science, Inc.) using a microelectromechanical system (MEMS) based platform, shown
in Figure 4. During the course of experiment, the authors estimated the nominal strength of
CNFs based only on the CNFs outer diameters because the inner diameter of CNFs could not be
accurately assessed. The test results showed that the average tensile strength and modulus of PR-
24-XT-PS were 2.9 GPa and 180 GPa, respectively; whereas PR-24-XT-HHT-LD retained
average tensile strength and modulus of 2.35 GPa and 245 GPa, respectively. In addition, it was

experimentally found that the strength standard deviation of PR-24-XT-HHT-LD decreased in
11



comparison to PR-24-XT-PS, suggesting a reduction in flaw distribution of CNF as a result of
alignment or reorganization of the outer turbostratic layers after heat treatment. Joseph et al. [2]
attempted another investigation of CNFs tensile properties through a three-point-bending setup
(Figure 5). In that work, CNFs were first mounted on copper grid through the deposition of
platinum pads by focused ion beam (FIB), then an AFM probe was used to apply a concentrated
transverse force at the midspan of CNFs (middle section of two platinum pads). Test results
revealed that the elastic modulus of CNFs ranged from 6 to 207 GPa with improved accuracy
and reproducibility. Additionally, the authors claimed that the well-aligned graphite layers at the
outer wall that were closest to the inner wall were responsible for the strength of CNFs.
Furthermore, the elastic modulus was found to be independent of wall thickness for CNFs with

wall thicknesses greater than 80 nm.

Loadcell
Fiber gage Oadce

section

Fiber ends attached

with Pt blocks

t

Figure 4. MEMS-based platform for characterizing tensile
properties of an individual CNF [1].
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AFM Probe
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Pad

Support Grid

Figure 5. Schematic of the three-point bend test of an individual
CNF using the AFM tip [2].

Mechanical testing of long and continuous CNFs was also addressed in a study
performed by Salman et al. [41]. The authors synthesized the PAN-based CNFs by first
electrospinning PAN-based nanofibers and then carbonizing the electrospun nanofibers at
different temperature. Test results showed that the CNFs diameters ranged from 150 nm to 500
nm and tensile strength and modulus of CNFs were dependent on carbonization temperature.
Specifically, CNFs carbonized at 1,400 °C attained the highest average tensile strength of 3.5
GPa while CNFs carbonized at 1,700 °C possessed the highest average tensile modulus of 172
GPa. According to the authors, CNF tensile strength reported herein was comparable to tensile
strength of commercial T-300 carbon fiber. After subjecting to carbonization, the surfaces of
CNFs appeared to be smooth and homogeneous CNF cross sections were observed. By varying

the carbonization temperature from 800 °C to 1,700 °C, the average thickness of CNFs
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turbostratic carbon crystallites increased from 3 to 8 layers, but the crystallites large size,
discontinuous form, and random orientation reduced CNFs tensile strength at carbonization

temperature higher than 1,400 °C.

2.2.3.2  Electrical Properties

Although the electrical resistivity of graphite was estimated to be in the range of 107
Q.cm, researchers anticipated that the resistivity of CNFs should be slightly higher than graphite
due the variations in CNFs structure, wall thickness, and impurities. Typically, as-synthesized
CNFs contain amorphous carbon and impurities that degrade their electrical properties; therefore,
depending on the application types, post processing is required to increase the crystallinity or
eliminate the impurities of CNFs. Heremans et al. [47] measured the electrical resistivity of
CNFs as a function of heat-treatment temperature. Test results indicated that the electrical
resistivity of CNFs heat-treated at 2,900 °C was as low as 6.8 x 10” Q.cm. Endo and coworkers
[31] also characterized the electrical resistivity of short-VGCNFs via a four-point-probe method.
The authors found that the electrical resistivity of CNFs were in the range of 107 and 10™ Q.cm

after carbonization and graphitization, respectively.

2.3 Post Processing of Carbon Nanofibers

Pristine CNFs (including other carbon nanomaterials) tend to agglomerate and form
clusters, which are difficult to disrupt, due to strong van der Waals forces and high surface area.
Previous studies [18, 19] showed that nanomaterial agglomerates are often detrimental to the
resulting nano-engineered polymeric composites because of degradation in mechanical
properties. To preserve the benefits of adding carbon nanomaterials into polymeric composites, it

is imperative to break apart the agglomerates and uniformly disperse nanomaterials within the
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matrix in order to allow effective load transfer from the matrix to nanomaterials through proper
interaction. A common methodology favored by most researchers to meet this requirement is
chemical functionalization of the nanomaterials surfaces, which can be further categorized into
non-covalent [48, 49] and covalent functionalization [50-54] schemes. In either case, the ultimate
goal is to increase the surface energy of nanomaterials in order to create the repulsive force
necessary for individual nanomaterial to remain stable in a medium. Depending on the type of
chemical functional groups attached to the nanomaterials, certain level of chemical interaction or
bonding between nanomaterials and polymer matrix can be expected for better reinforcement
purpose.

In non-covalent functionalization scheme, a combination of surfactant and solvent is
usually used to uniformly disperse nanomaterials. Surfactant is an organic compound with bulky
molecule that is amphiphilic, which means that it consists of both hydrophobic and hydrophilic
groups. When a surfactant is used in the fabrication of polymeric nanocomposites, researchers
found that the hydrophobic group can interact with nanomaterials through adsorption mechanism
while the hydrophilic group could interact with polymer matrix through hydrogen bonding. Once
the surfactant molecules are adsorbed onto the nanomaterials surfaces, they provide steric
repulsion among nanomaterials and thus result in individually dispersed nanomaterials. Gong et
al. [48] utilized polyoxyethylene-8-lauryl (C12EOg) to disperse CNTs into epoxy resin through
magnetic stirring. Test results showed that the resulting nanocomposites containing 1 wt%
surfactant-treated CNTs exhibited higher glass transition temperature (T,) and elastic modulus
than neat epoxy counterpart. Geng et al. [49] reported the use of a non-ionic surfactant Triton X-
100 to enhance the CNTs dispersion in epoxy resin. The authors found that mechanical and

electrical properties of resulting nanocomposites were significantly improved as a result of
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“bridging” effect between CNTs and epoxy, which were caused by the hydrophobic and
hydrophilic segments of surfactant.

In covalent functionalization scheme, nanomaterials are usually mixed and reacted with
various chemical reagents to covalently introduce chemical functional moieties on their surfaces.
Such moieties will cause an increase in nanomaterials surface energy, which in turn provides
necessary repulsive force to disperse and stabilize nanomaterials in different medium. In terms of
chemical compatibility or bonding, researchers have investigated the use of various functional
moieties which are compatible with the polymer matrix to achieve better load transfer between
material phases. To date, several common functional groups such as carboxylic acid [50, 51],
amine [52], hydroxyl [53], and epoxide [54] have been grafted onto carbon nanomaterials with
various levels of success. Lachman et al. [55] demonstrated that nanocomposites filled with
carboxylic acid- and amine-functionalized MWCNTs exhibited an increase in toughness. The
authors attributed such improvement to the enhancement in MWCNTs dispersion quality and
interfacial adhesion. Lakshminarayanan et al. [56] oxidized pristine CNFs using 69-71 wt%
nitric acid for various treatment time. Results from this work showed that the surface atomic
oxygen percentage attained a maximum value of 22.5% in CNFs oxidized for 90 minutes without
inducing significant structural damage. The authors also found that the oxidized CNFs were
highly soluble in water due to an increase in wettability. Seyhan et al. [57] studied the fracture
toughness of an epoxy-based resin reinforced with as-received, acid-treated, and silanized CNFs.
Test results showed that addition of 1 wt% silanized CNFs into neat resin led to an increase in
fracture toughness of 12%. Prolongo et al. [58] reported a three-stage profile to obtain amine-
functionalized CNFs and the effect of incorporating amine-functionalized CNFs on the

dispersion and properties of nanocomposites. The authors found that the CNFs dispersion in the
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matrix and storage modulus of resulting nanocomposites was enhanced up to a concentration of 1
wt%. The authors also concluded that chemical functionalization coupled with ultrasonic or high
shear mixing is needed in order to better disperse CNFs in the epoxy matrix.

Although numerous studies have successfully proven the benefits of using functionalized
carbon nanomaterials to reinforce polymeric composites, the controversy of whether pristine or
functionalized carbon nanomaterials perform better in nano-engineered polymeric composites
continues to escalate. A more comprehensive fundamental understanding of each type of carbon

nanomaterials is needed to better establish the structure-property relationship.

2.4 Nano-Engineered Polymeric Composites
24.1 Polymeric Nanocomposites

As mentioned earlier, carbon nanomaterials with one-dimensional nanostructure and
unique combination of properties have triggered tremendous research interests within the
scientific community. They are continuously regarded as an ideal building block for fabricating
the next generation advanced composites —polymeric nanocomposites— for a wide spectrum of
applications. Much of previous studies successfully showed that the integration of carbon
nanomaterials into polymer matrix would result in nanocomposites exhibiting dramatic
improvement in mechanical and electrical properties, making them a truly multi-functional
advanced material.

Carbon nanomaterials are directly incorporated into polymer matrix through a variety of
approaches such as sonication [59], magnetic stirring [60], high-shear homogenization [61],
calendering [62], centrifugal mixing [63], and extrusion [64]. The nanomaterial/polymer mixture
is then casted into a mold and cured at room temperature or elevated temperature. Typically, the

amount of nanomaterials that can be incorporated into polymer matrix through the
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abovementioned approaches is limited due to the difficulties in dispersing nanomaterials (the
polymer matrix changed from liquid to pasty). Thostenson et al. [62] established a processing
protocol to effectively disperse CNTs into epoxy resin through calendering approach. Test
results showed that, at low concentration, the fracture toughness of resulting nanocomposites was
significantly enhanced in comparison to neat epoxy due to highly-dispersed CNTs. Furthermore,
the authors found that the high aspect ratio of CNTs was attained after mixing and the formation
of a conductive percolating network was achieved at concentration as low as 0.1 wt%. Lafdi et
al. [65] investigated the effect of adding different types of CNFs on mechanical and thermal
properties of nanocomposites. At a concentration of 4 wt%, the flexural modulus and yield stress
of functionalized CNF-reinforced nanocomposites were improved by 137% and 35%,
respectively, while the thermal conductivity of heat treated CNF-filled nanocomposites was
enhanced by 80%. The authors also reported that a CNF concentration of 12 wt% was the onset
of mechanical properties degradation due to the difficulties in dispersing CNFs. In a separate
study, the same authors [66] functionalized as-received CNFs through electrochemical methods
with different treatment time and fabricated nanocomposites containing different functionalized
CNFs at constant concentration of 12 wt%. Mechanical test results indicated a maximum
enhancement in flexural strength and modulus for the nanocomposites filled with functionalized
CNFs treated for 12 minutes. However, there was an increase in electrical resistivity for
nanocomposites filled with functionalized CNFs treated with longer treatment time, in which
case the authors attributed such finding to an increase in oxygen content on CNFs surfaces. Ahn
et al. [67] prepared nanocomposites by incorporating amidized CNFs into epoxy resin and
assessed the properties of resulting nanocomposites. The authors found that, when compared

with neat resin, the maximum improvements in tensile strength and modulus of nanocomposites
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occurred at two different concentrations. Specifically, the tensile strength attained a 260 %
increase for nanocomposites filled with 12.8 wt% amidized CNFs while the tensile modulus
achieved an increase of 136% for nanocomposites filled with 6.4 wt% amidized CNFs. Further
failure analysis indicated a robust nanofiber/matrix interface due to the formation of chemical
linkage between CNFs and epoxy resin. Despite of CNFs surface modification, the electrical
conductivity of nanocomposites filled with 12.8 wt% amidized CNFs reached a value of 3.19 x
107 S/cm. Prasse et al. [68] performed an alignment study by subjecting the CNF/epoxy mixture
to an external AC electric field during curing of nanocompsites. The authors reported electrical
resistivity anisotropy (a ratio of resistivity perpendicular to the electric field to resistivity parallel
to the electric field) of 10, indicating the formation of aligned CNF network along the direction
parallel to applied electric field. Test results showed that the electrical resistivity of
nanocomposites containing aligned CNF network decreased to 10° ©Q.cm range and the resistivity

percolation threshold was identified at approximately 0.75 wt%.

2.4.2 Hierarchical Composites

Hierarchical composites are defined as materials having two or more constituents at
nano-scale and micro-scale. While tremendous efforts were spent on researching polymeric
nanocomposites, several investigators have worked on developing processes that enable
incorporation of carbon nanomaterials into traditional FRPCs to improve the properties that
plague material scientists and engineers. To date, there are five main approaches to manufacture
hierarchical composites: (1) infusion of nanomaterial/polymer mixture into the preform, (2)
direct placement of nanomaterials between laminates, (3) growth of nanomaterials on
reinforcement layer through chemical vapor deposition (CVD), (4) deposition of nanomaterials

onto the reinforcement fabric, and (5) coating reinforcement fibers with sizing agent containing
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well-dispersed nanomaterials. These approaches will be briefly highlighted in the following

subsections.

2.4.2.1  Infusion of Nanomaterial/Polymer Mixture into Preform

In this method, the carbon nanomaterials are initially dispersed in the polymer matrix to
obtain a nanomaterial/polymer mixture. The mixture is then infused into dry preform by resin
transfer molding to manufacture final hierarchical composite part. So far, this method is the most
widely used technique to manufacture hierarchical composites due to its practicality and
scalability to manufacture large parts. Additionally, the carbon nanomaterials used can be
selectively functionalized with desired moieties in order to promote various degree of chemical
interaction between nanomaterials and polymer matrix.

Sadeghian et al. [13] manufactured hierarchical composites by injecting a surfactant
treated-CNF/polyester mixture into a glass fiber preform. Mechanical test results showed an
increase of approximately 100% in mode-I fracture toughness (Gic) for hierarchical composites
loaded with 1 wt% surfactant treated-CNFs in polyester resin. Although significant improvement
was attained in the final hierarchical composites, the authors identified parts manufacturing
difficulties arise due to an increase in viscosity of the CNF/resin mixture as well as void
formation in the parts. Gojny et al. [69] prepared CNT/epoxy mixture by incorporating amidized
CNTs into epoxy resin through a calendering approach. The mixture was then infused into a
mold cavity containing glass fiber preform and cured at elevated temperature. The interlaminar
shear strength of hierarchical composites containing 0.3 wt% amidized CNTs was found to be
20% higher than the base panel while no significant difference was observed in tensile properties
of hierarchical composites and base panel since they were dominated by the fiber properties. The

author also found that, for hierarchical composites containing 0.3 wt% amidized CNTs, the in-
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plane electrical conductivity was one order of magnitude higher than the out-of-plane electrical
conductivity.

Despite of interesting results, the shortcomings (include uniform nanomaterial dispersion,
nanomaterial filtration by micron-scale reinforcement fibers, high viscosity of matrix, and void
formation) of this method greatly limit the scalability of manufacturing large hierarchical

composite parts.

2.4.2.2 Direct Placement of Nanomaterials Between Laminates

Due to the difficulties associated with manufacturing hierarchical composites, researchers
employed a direct placement method to alleviate some of the shortcomings encountered in the
infusion method. In this method, carbon nanomaterials are directly placed between laminates
before curing at elevated temperature. Through this protocol, the challenges to obtain uniform
nanomaterial dispersion in polymer matrix and to prevent filtration of nanomaterials by
reinforcement fibers can be better addressed and, in some cases, orientation of nanomaterials can
be controlled.

Several researchers have used this technique to manufacture hierarchical composites
yielding different levels of success. Li et al. [27] employed a “powder method” to introduce CNF
interlayer at the mid-plane of commercial prepreg laminates before curing (Figure 6 left). A
sifter was used to help uniformly disperse CNFs onto the laminates during the process. Test
results revealed a simultaneous improvement in the mode-I fracture toughness and bending
strength and modulus of resulting hierarchical composites. Garcia et al. [70] developed a
“transfer-printing” approach to incorporate aligned CNT arrays onto commercial carbon fiber
prepregs (Figure 6 right). By taking advantage over the tackiness of prepreg, vertically aligned

CNT arrays pre-grown on a substrate were “transfer-printed” onto the laminates by a
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combination of rolling and pressing processes and then cured in an autoclave at elevated
temperature. Results from this work showed that the mode-I and mode-II fracture toughness of
final hierarchical composites increased by 1.5-2.5 times and 3 times, respectively, in comparison
to base panel. In a study by Rojas et al. [71], both CNTs and CNFs were sprayed onto the carbon
fiber layers before preform layup and infusion of polymer matrix. The authors concluded that
even though a significant improvement in interlaminar shear strength of hierarchical composites
was not achieved, the change in failure mode from delamination to tensile fracture was

considered the evidence of reinforcement in the mid-plane of test sample.
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Figure 6. Direct placement route through “powder-method” (left)
[27] and “transfer-printing” technique (right) [70].

The main setbacks of this approach lie on the thickness increase and variation of final
hierarchical composite parts as well as size limitation in growing large volume of nanomaterials

on a substrate (for “transfer-printing” technique).
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2.4.2.3 Growth of Nanomaterials on Reinforcement Layer

Another innovative approach that was developed in the last decade is by directly growing
nanomaterials on the surface of micro-scale reinforcement fibers through chemical vapor
deposition. Several multiscale reinforcement layers are then assembled and cured with polymer
matrix at room temperature or elevated temperature. This method offers several advantages, with
the most important ones being the ability to effectively control distribution and orientation of
nanomaterials grown on the fibers.

Several researchers successfully developed various conditions to directly grow
nanomaterials on alumina fibers [28], silica fibers [72], quartz fibers [73], and carbon fibers [74-
78]. Garcia et al. [28] employed a modified CVD protocol to grow radially aligned CNT forests
on the surfaces of alumina fibers (Figure 7). Several hybrid layers were infiltrated with epoxy
resin, assembled, and cured through wet layup technique. According to this study, the wetting
behavior of hybrid layers by epoxy resin was governed by capillary effect and the alumina fiber
and CNT volume fraction of resulting hierarchical composites were approximately 60% and 0.6-
2.9%, respectively. Interestingly, the authors observed an increase of 69% in interlaminar shear
strength for hierarchical composites over the base panel, while further electrical properties
measurements showed that both in-plane and out-of-plane electrical conductivity of hierarchical
composites were improved by several orders of magnitude. These results confirmed that proper
incorporation of nanomaterials would indeed transform traditional FRPCs into a multifunctional
composite. Sager et al. [75] attempted a similar approach to grow CNTs on the surfaces of
carbon fibers. The sizing layer of as-received carbon fibers was removed prior to the growing
process. The authors reported that an increase of up to 71% in interfacial shear strength can be
expected when comparing the shear strength of hybrid fiber to the unsized fiber. Although higher

interfacial shear strength was attained, the authors also found that extreme growing conditions
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necessary for a typical CVD process could significantly decrease the tensile strength of carbon

fiber by up to 37%.

A Before Growth B After CNT Growth

25 mm

Figure 7. Radially aligned CNT forest grown on alumina fiber
through CVD process [28].

The growth method is by far the most promising technique to fabricate hierarchical
composites in terms of uniform distribution and orientation of nanomaterials and, most
importantly, highest improvement in properties. However, the main disadvantages of this
approach include the lack of practicality due to the limitations in growing nanomaterials in large
size, presence of catalysts (act as impurity), lack of chemical compatibility between
nanomaterials and polymer matrix, and degradation of fiber properties due to aggressive

processing conditions.
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2.4.2.4  Deposition of Nanomaterials onto Reinforcement Fabric

Deposition (especially electrophoretic deposition (EPD)) of nanomaterials onto the
surface of reinforcement fabric is a promising method that shows the highest advantages in terms
of scalability, practicality, cost-effectiveness, and capability to manufacture hierarchical
composites with various types of functionalized nanomaterials. In this process, the nanomaterials
are initially modified with desired chemical functional groups. Then, the functionalized
nanomaterials are dispersed in a solvent and the nanomaterials will travel and deposit onto a
targeted substrate when subjected to an electric field.

Several researchers have proven the applicability of this method to manufacture
hierarchical composites with different levels of achievements. Bekyarova et al. [79] utilized EPD
to deposit carboxylic acid-functionalized CNTs onto the surfaces of carbon fiber layers that were
then used to manufacture hierarchical composites. Results from this study showed an increase in
interlaminar shear strength and through-plane electrical conductivity of approximately 27% and
30%, respectively. When EPD was used to synthesize multiscale fabrics containing carboxylic
acid-functionalized CNTs, the authors found that the in-plane tensile strength of resulting
hierarchical composites was not compromised. This indicates that the EPD process does not
affect the intrinsic properties of fibers, which is a great advantage over other method such as
CVD growth that tends to weaken the fiber tensile strength as a result of aggressive processing
conditions. Rodriguez et al. [16, 29] prepared multiscale fabrics by depositing amine
functionalized CNFs onto the surfaces of carbon fiber layers through a two-stage EPD process
and used the multiscale fabrics to manufacture hierarchical composites. Mechanical test results
revealed that both interlaminar shear strength and compressive strength of hierarchical
composites were improved by approximately 12% and 13%, respectively, with respect to base

composites (not containing CNFs). An interesting finding from this work is that the compliance
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(as evidenced by the change in slope of loading nose force vs. displacement graph) of the matrix
and fiber/matrix interface changed from ductile to more brittle behavior possibly due to the
formation of covalent bond between the epoxide groups of the matrix and the amine groups of
the CNFs. Zhang et al. [80] successfully deposited functionalized CNTs onto electrically
insulating glass fibers through EPD. Single-fiber fragmentation test showed that the interfacial
shear strength of CNT/glass fiber composites increased significantly in comparison to the as-
received glass fiber composites. In addition, the semi-conductive CNT/glass fiber interface was
highly sensitive to the tensile strain of single-fiber composites making this behavior a feasible
feature for damage sensing purpose.

The main disadvantages of this technique lie on the lack of nanomaterial alignment on the
fabrics and the short length of nanomaterials after functionalization (it is well know that

nanomaterials with high aspect ratio provide better reinforcement efficiency).

2.4.2.5 Coating Reinforcement Fibers with Nanomaterial/Sizing Agent

In recent years, carbon nanomaterials are also incorporated into FRPCs through “sizing”
approach. In this process, carbon nanomaterials are initially dispersed in polymer-based sizing
agent (commercially available) and then reinforcement fibers or fabrics are coated with the
modified sizing agent before being used to manufacture hierarchical composites. Godara et al.
[81] coated the virgin glass fibers with CNTs by drawing the fibers through a diluted phenoxy-
based sizing agent containing 0.5 wt% CNTs and fabricated hierarchical composites using such
modified glass fibers. When compared to base composites made of virgin glass fibers, single-
fiber fragmentation test showed an increase of 92% in interfacial shear strength of hierarchical
composites by solely introducing CNTs onto the surfaces of glass fibers. Such improvement

indicated that the interfacial adhesion of fiber/matrix interface can be enhanced and thus increase
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the overall mechanical properties of hierarchical composites. Gao et al. [30] manufactured
CNT/glass fiber hierarchical composites by infusing a diluted CNT/sizing agent into dry glass
fiber preform through VARTM process, volatizing the solvent, and injecting neat epoxy resin
into the modified preform. For comparison, the authors fabricated another CNT/glass fiber
hierarchical composite by curing the glass fiber layers with CNT/epoxy mixture prepared
through calendering process. Results from this work revealed that the electrical conductivity of
hierarchical composites manufactured through “sizing” approach is 2 to 3 orders of magnitude
higher than the one by calendering. The authors attributed such improvement in electrical
conductivity to controlled CNT agglomerations on the glass fibers surfaces and concluded that
the CNT conductive network can be potentially used for damage sensing and EMI shielding of
composites.

Although promising results are achievable, this method requires multiple processing
stages and conditions, which make it a complex approach. Furthermore, the CNT/sizing layer
(usually nanometers thick) added to the surfaces of reinforcement fibers complicate the
composites interface among the original sizing on fibers, additional CNT/sizing coating, and

matrix, which inevitably causing the interface characterization a challenging and tedious task.

2.5 Summary

In this chapter, the morphology, synthesis, properties of CNFs have been reviewed.
Special emphasis was placed in the mechanical and electrical properties of CNFs due to the
promise that they hold as nano-scale building block for enhancing the macro-scale properties of
nano-engineered polymeric composites.

Processing requirements to effectively incorporate carbon nanomaterials into polymer

matrices have been addressed and discussed. Current techniques for manufacturing hierarchical
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composites have been reviewed and introduced in this chapter. Several researchers have worked
on the development of processes that allow incorporation of carbon nanomaterials into traditional
FRPCs to improve the properties of such materials having different levels of success. To date,
there are five different approaches to manufacture hierarchical composites: (1) infusion of
nanomaterial/polymer mixture into the preform, (2) direct placement of nanomaterials between
laminates, (3) growth of nanomaterials on reinforcement layer through chemical vapor
deposition (CVD), (4) deposition of nanomaterials onto the reinforcement fabric, and (5) coating
reinforcement fibers with sizing agent containing well-dispersed nanomaterials. These
methodologies are discussed to emphasize the main advantages and disadvantages of these
approaches in terms of manufacturability, scalability, and final properties of the hierarchical

composites.
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CHAPTER 3
FABRICATION AND CHARACTERIZATION OF POLYMERIC NANOCOMPOSITES
CONTAINING ALIGNED FUNCTIONALIZED CARBON NANOFIBERS

3.1 Introduction

In the last two decades, carbon nanofibers (CNFs) and carbon nanotubes (CNTs) have
been extensively investigated and considered as an effective building block in polymeric
composites due to their low density, high aspect ratio, and unique combination of mechanical
and electrical properties. To date, CNFs and CNTs continue to excel as primary choice of nano-
fillers for constructing the next generation multi-functional polymeric composites to facilitate a
wide range of applications. A closer comparison, however, indicates that CNFs are more
favorable than CNTs in the fabrication of polymeric nanocomposites due to their lower cost,
availability, and ease of processing. Although this study focuses only on CNFs, the following
sections also partially discuss fabrication challenges of CNT-based polymeric nanocomposites.

As mentioned earlier, several key prerequisites must be fulfilled in order to manufacture
carbon nanomaterial/polymer composites with promising properties, these include (1) carbon
nanomaterials must be uniformly dispersed in the matrix so that the external load can be
equivalently transferred to the nanofibers, (2) the formation of chemical linkage between carbon
nanomaterials and matrix for better load transfer as well as preventing carbon nanomaterials
from slipping relative to the matrix when sustaining external load, and (3) carbon nanomaterials
alignment in composites for better properties enhancement. Ever since the use of carbon
nanomaterials in polymeric composites became increasingly popular, a wide variety of
processing techniques were developed to uniformly disperse carbon nanomaterials into the
matrix and attach chemical functional groups onto carbon nanomaterials for the first two

requirements. Through these processing techniques, researchers successfully demonstrated that
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mechanical and electrical properties of resulting carbon nanomaterial/polymer composites were
dramatically improved in comparison to neat polymer counterpart.

Interestingly, the orientation of carbon nanomaterials was found to inflict additional
positive effects on properties of carbon nanomaterial/polymer composites. In recent years,
studies have shown that carbon nanomaterial/polymer composites with outstanding mechanical
and electrical properties can be fabricated at lower amount of nanomaterials by selectively
orienting them into a preferential direction through AC electric field [23, 68, 82-84], magnetic
field [85, 86], flow induction [87, 88], in-situ growth [89, 90], and mechanical stretching [91].
Among these methodologies, the use of AC electric field is one of the promising methods since it
has proven to be effective in promoting alignment of carbon nanomaterials in organic solvent or
polymer matrix. Experiments aimed at aligning CNFs using AC electric field in polymer resins
have so far been limited to pristine CNFs and none have reported the study of composites with
aligned functionalized CNFs. Since functionalized CNFs, especially amine-functionalized CNFs,
have previously been shown to disperse uniformly in polymer resins and are capable of
chemically interact with the matrix, it is of great interest to pursue the study of the alignment
effect of functionalized CNFs on the mechanical and electrical properties of composites.
Furthermore, no study has reported the mechanical properties of composites with aligned
functionalized CNFs tailored by AC electric field.

In this chapter, the effect of functionalized CNFs aligned in the direction of electric field
on the mechanical and electrical properties of final nanocomposites was investigated. An
external AC electric field was used to align functionalized CNFs in the polymer matrix.
Incorporation of functionalized CNFs into the resin was carried out through a novel process

involving a combination of high-speed shear mixing, calendaring, and centrifugal mixing. The

30



resulting nanocomposites were characterized for dispersion and alignment, electrical resistivity,

and compressive strength and modulus parallel to the direction of the aligned CNFs.

3.2 Experimental Section
3.2.1 Materials

As-received CNFs (AR-CNFs) used in this study were Pyrograf PR-24-XT-PS from
Applied Sciences, Inc. According to the vendor, the CNFs’ average diameter and length were in
the range of 60-150 nm and 30-100 pum, respectively, and iron content is approximately 14,000
ppm. The two-part epoxy system used were diglycidyl ether of bisphenol F epoxy resin (EPON
862) and diethyl toluene diamine curing agent (EPIKURE-W) from HEXION Specialty
Chemicals. The components were mixed in a ratio of 100 parts resin to 26.4 parts curing agent
by weight. A two-part silicon rubber and a Teflon block (McMaster Carr) were used as molds for
curing the nanocomposites due to their high electrical and temperature resistance. All chemicals

were obtained from Fisher Scientific and used as-received.

3.2.2 Functionalization of Carbon Nanofibers

Both carboxylic acid- and amine-functionalization methodologies employed herein were
obtained elsewhere [92, 93] and is illustrated in Figure 8. To obtain carboxylic acid-
functionalized CNFs (OCNFs), 2.5 g of AR-CNFs were first mixed with 500 mL of nitric acid in
a round bottom flask and sonicated in a water bath for 20 minutes at high power (170 W). The
solution was then refluxed and stirred at 260 °C for 4 hours. After that, the OCNFs were filtered
out using 0.45 um pore size nylon membrane, rinsed continuously with reverse osmosis water,

acetone, and ultrapure deionized water until chemically neutral and dried in an oven at 100 °C
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with vacuum overnight. The OCNFs were then hand grinded and kept in a desiccator until
further use.

The amine-functionalization of CNFs consisted of three steps. The first step involved the
abovementioned 4-hour carboxylic acid functionalization. The second and third step
encompassed acylation and amidation of OCNFs, respectively. In the second step, 5 g of OCNFs
were mixed with 80 mL of thionyl chloride (SOCI,) and 4 mL of dimethylformamide (DMF) and
sonicated in a water bath at medium power (80 W) for 20 minutes. The mixture was then stirred
and heated to 65 °C for 24 hours. After that, the mixture was distilled to remove excess SOCl.
In the third step, the remaining CNFs after distillation were mixed with 100 mL of
ethylenediamine and 5 mL of DMF followed by heating and stirring for 48 hours at 100 °C. The
mixture was then allowed to cool to room temperature, diluted in ultrapure water, filtered with a
0.45 pm pore size membrane, and dried in vacuum at 60 °C overnight. After drying, the amine-
functionalized CNFs (ACNFs) were also hand grinded and kept in a desiccator until further

processing.

T
Thionyl e .
Chloride t Ethylenediamine
e AN
A : A
@,
Acyl-CNFs

Figure 8. Chemical functionalization scheme of OCNFs and
ACNFs [94].
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3.2.3 Fabrication of Nanocomposites

In this study, nanocomposites with six different concentrations of functionalized CNFs
were studied: 0.25, 0.5, 0.75, 1.5, 3 and 4.5 wt%. Functionalized CNFs were dispersed in the
epoxy resin through a novel methodology involving four main steps: sonication, high-speed
homogenization, calendering, and planetary centrifugal mixing (Figure 9). To prepare
OCNF/epoxy mixture, OCNFs were first sonicated with 150 mL acetone in a water bath for 10
minutes at high power followed by evaporation of acetone in a convective oven. When the
mixture became pasty, 185.92 g of epoxy resin was added to the mixture and hand-stirred to
saturate the OCNFs with resin. Then, the mixture was homogenized in a water bath using a high-
speed homogenizer at three different speeds for 15 minutes and then calendered by passing the
mixture through a three-roll-mill set at three different combinations of gap size and speed.
Finally, 49.08 g of curing agent was added to the mixture and centrifugally mixed for four
repetitions at 2,000 rpm (each repetition consisted of 5 minutes of mixing with vacuum and 5
minutes of cooling at room temperature). For ACNF/epoxy mixture, ACNFs were first sonicated
with 150 mL of ethanol in a water bath for 3 minutes at medium power. Then, 118.7 g of
preheated epoxy resin (preheated to reduce its viscosity) was added to the mixture and sonicated
for additional 10 minutes followed by evaporation of ethanol through mechanical stirring on a
hot plate. Afterward, the blend was cooled in a freezer to drastically increase the viscosity of the
blend. The blend was then homogenized, calendered, and centrifugally mixed using the same
profile for preparing OCNF/epoxy mixture. The amount of curing agent for the ACNF/epoxy

mixture was 31.3 g.
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Figure 9. Protocol for dispersing functionalized CNFs into epoxy
resin using a combination of sonication, high-speed shear mixing,
calendering, and planetary centrifugal mixing.

When aligning functionalized CNFs suspended in the resin, two stainless steel plates,
which were 31.75 mm apart, were used as electrodes to apply AC electric field. The sinusoidal
AC electric field used was 630 Vpeak-to-peak/cm at 2 kHz and was generated using a combination of
function generator (GW Instek) and high voltage amplifier (Trek Inc.), as shown in Figure 10.
This electric field was calculated by taking the division of applied peak-to-peak voltage by the
separation of electrodes. This level of electric field was chosen because it was experimentally
found that this level of electric field would yield the optimum alignment structure of
functionalized CNFs. The electric field was applied while maintaining the oven temperature at
100 °C for 20 minutes followed by constant temperature ramp (3 °C/min) to 177 °C. Upon

reaching 177 °C, the electric field was kept for an additional 20 minutes to ensure that the resin
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gelled before the electric field was removed. Subsequently, the resin was allowed to cure at
177 °C for 160 minutes. For electrical test samples, the mixture was casted into a Teflon mold
and degassed in a vacuum oven for 15 minutes. Two aluminum plates, which were 12.7 mm
apart, were used as electrodes to apply the same electric field strength and frequency. Subsequent
procedures to manufacture electrical test samples with electric field was identical to the one
followed for mechanical test samples. The resulting dimensions of electrical test samples were

approximately 25.4 mm x 8 mm x 12.7 mm.

High Voltage
Metal . Amplifier
Electrodes D¢
/ &‘\._

Function
Generator

Silicon Rubber/ Teflon
Mold

Functionalized
CNF/Epoxy Suspension

Figure 10. Illustration of experimental setup to align functionalized

CNFs suspended in the resin [24].

3.24 Preparation and Characterization of Test Samples

All test specimens were machined using a precision cutting machine. The samples were
carefully machined according to a layer-by-layer trimming method to ensure the flatness of each
specimen. The dimensions of compression and electrical test specimens were
12.7 mm x 12.7 mm % 25.4 mm and 6.45 mm x 6.45 mm x 2 mm, respectively. The two larger

surfaces of the electrical test specimens (perpendicular to the CNF alignment direction) were
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coated with silver paint to provide better electrical contact between electrodes and surfaces of the
specimens.

Optical microscopy images of the composites were obtained to qualitatively characterize
the dispersion and alignment structure of functionalized CNFs. Compression test was performed
according to ASTM D695-02 using a MTS testing machine. Electrical resistivity test was
conducted based on two-probe method with a high-precision Keithley Digital Multimeter. For
nanocomposites that were subjected to electric field, both compression and electrical resistivity
were measured in the direction parallel to the aligned CNFs. Four specimens were tested for
compressive strength and modulus and three specimens were tested for electrical resistivity at
room temperature. Electrical resistance of each specimen was recorded after allowing the
resistance value to stabilize for at least one minute. The electrical resistivity was then calculated
based on the following equation,

_R4 (1)
P=

where R, 4, and ¢ are resistance, area of electrodes, and thickness specimen ,respectively.

3.3 Results and Discussion
3.3.1 Dispersion of Functionalized CNFs Before and After Curing

Before investigating the morphology of alignment, it is necessary to inspect the
dispersion quality of functionalized CNFs in nanocomposites before and after curing. Figure 11
contains a set of optical images showing the dispersion of 0.5 wt% and 1.5 wt% OCNFs in the
resin before (Figure 11 (a) and (c¢)) and after (Figure 11 (b) and (d)) curing of nanocomposites.
Clearly, the OCNFs seem to be uniformly dispersed into the resin and no significant agglomerate

is observed after curing. A similar dispersion quality can also be attained in the nanocomposites
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containing 0.5 wt% and 1.5 wt% ACNFs before and after curing, as shown in Figure 12. Even
though the amount of OCNFs and ACNFs that were incorporated into the resin increased by
three times (from 0.5 wt% to 1.5 wt%), evidence of individual OCNFs and ACNFs confirms that
uniform OCNF and ACNF dispersion in the resin is achieved before curing and after curing of
nanocomposites. This finding is highly interesting since such dispersion quality can be attributed
to the novel mixing method and also the carboxylic acid and amine functional groups grafted on
the surfaces of OCNFs and ACNFs, respectively. It is believed that the steric repulsion caused by
the functional groups among adjacent OCNFs and ACNFs is the primary factor to achieve

uniform dispersion.

Figure 11. Optical images showing the dispersion of 0.5 wt%
OCNFs a) before, b) after curing; and 1.5 wt% OCNFs c) before,
d) after curing of nanocomposites. Images were published in [24].
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Figure 12. Optical images showing the dispersion of 0.5 wt%
ACNFs a) before, b) after curing; and 1.5 wt% ACNFs c) before,
d) after curing of nanocomposites. Images were published in [24].

Under optical microscope, the average length of functionalized CNFs is estimated to
reduce from 100 pm (length of AR-CNFs provided by vendor) to approximately 10-20 um due
to the chemical functionalization and rigorous mixing processes. Based on this length, the aspect
ratio of functionalized CNFs is estimated to be 100-200. In addition, Figure 11 and 12 do not
show any significant OCNF and ACNF clusters, which can be attributed to repeated micro-gap
shear mixing during homogenization and calendering process.

During the course of the experiments, it is experimentally found that the mixing process
involving calendering of resin and functionalized CNFs at concentrations higher than 1.5 wt%
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became difficult because the resulting mixture changed from liquid to pasty state. Therefore, the
use of three-roll-mill to disperse functionalized CNFs into resin is speculated to be effective until

a concentration of approximately 1.5 wt%.

3.3.2 Morphology of Alignment

Figure 13 presents a set of optical images showing the alignment structures of
nanocomposites containing 0.5 and 1.5 wt% OCNFs and ACNFs, respectively. From these
images which were captured roughly at the mid-section of mechanical test samples, it is clear
that the functionalized CNFs aligned in the direction parallel to the electric field and that the
alignment morphology varied with respect to the concentration of functionalized CNFs. At a
concentration of 0.5 wt%, the formation of thick individual aligned OCNF and ACNF bundles is
identified when the samples were subjected to the electric field. When the concentration of
functionalized CNFs reached 1.5 wt%, the alignment structure changed to a dense web-like
network along with thin aligned OCNF and ACNF bundles. However, the alignment structure at
a fixed concentration did not change regardless of the type of functionalized CNFs used,
suggesting that the alignment morphology of functionalized CNFs is independent of the
functional groups grafted to the CNFs. Since Figure 13 shows only the CNF alignment structure
at the mid-section of the samples, it is imperative to investigate the alignment structure at other
locations so that continuous aligned functionalized CNF network can be revealed. Therefore, the
alignment structure of nanocomposites containing 0.5 wt% OCNFs at five different locations
was investigated and is shown in Figure 14. From the optical images in Figure 14, it can be seen
that the aligned OCNF network was formed continuously between electrodes and each magnified

fragment appears to attain similar alignment morphology.
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Figure 13. Optical images showing the alignment structure of
nanocomposites containing a) 0.5 wt% and b) 1.5 wt% OCNFs;
and c) 0.5 wt% and d) 1.5 wt% ACNFs. The red two-headed
arrows indicate the direction of applied electric field. Images were
published in [24].
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Figure 14. A set of optical images showing the alignment structure
of nanocomposites containing 0.5 wt% OCNFs at five different
locations. The red two-headed arrow indicates the direction of
applied electric field. Images were published in [24].

From the findings shown in Figure 13 and 14, it seems like the applied electric field not
just aligned the functionalized CNFs, but also induced certain interaction among OCNFs and
ACNFs that caused lateral agglomeration in the aligned bundles. A similar phenomenon was
previously observed by Zhu et al. [23] when the authors fabricated nanocomposites containing
aligned amine-functionalized CNTs through electric field. Hence, the explanation employed by
the authors is referred herein to explain the mechanism of lateral agglomeration in the aligned

functionalized CNF bundles. A schematic illustrating the evolution of lateral agglomeration of
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functionalized CNFs is presented in Figure 15. When exposed to external electric field, the
functionalized CNFs, which can be visualized as micro-size rods, are polarized and experienced
electric charge redistribution near the ends of the CNFs. This effect produces dipole moments on
the CNFs, which subsequently causes rotary motions and force the CNFs to align in the direction
of applied electric field. At the meantime, the redistribution of electric charge near the ends of
CNFs also generates new interaction among adjacent CNFs. Because of this new interaction,
opposite electric charges that are congregated at the ends of adjacent CNFs attract each other and
force the CNFs to close in and laterally agglomerate into micro-scale bundles, which resemble
the findings in Figure 13 and 14. In the bundles, it is believed that the CNFs are maintaining
certain distance to attain force equilibrium (e.g. electric force and van der Waals force) rather

than chemically connected to each other.
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Figure 15. A schematic illustrating the evolution of OCNF or
ACNEF lateral agglomeration in the aligned bundles when subjected
to electric field. The “ellipses” in the top right diagram show the
possible interaction between opposite electric charges of adjacent
CNF at both ends. The schematic was published in [24].
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For the nanocomposites with lower CNF amount per unit volume (e.g. 0.5 wt%), lesser
CNF aligned bundles are seen due to limited local interaction among adjacent CNFs that caused
lateral agglomeration. As the CNF amount per unit volume of nanocomposites increases (e.g. 1.5
wt%), the local interaction among adjacent CNFs intensifies and thus, more aligned CNF
bundles are identified. Furthermore, the explanation for lateral agglomeration in the aligned CNF
bundles used herein complements with the earlier hypothesis that suggested the dependency of
nanocomposites alignment morphology on the concentration rather than the type of

functionalized CNFs used.

3.3.3 Mechanical Properties

Figure 16 and 17 summarize the compressive strength and percentage change of
compressive strength, respectively, of nanocomposites fabricated for this study: OCNF/epoxy
without electric field (OCNF-NF), OCNF/epoxy with electric field (OCNF-EF), ACNF/epoxy
without electric field (ACNF-NF), and ACNF/epoxy with electric field (ACNF-EF). In general,
it is clear that the compressive strength of nanocomposites containing OCNFs or ACNFs
(regardless of whether or not the nanocomposite was subjected to electric field) is improved with
respect to neat resin sample.

When considering the nanocomposites made of only OCNFs, the compressive strength of
OCNEF-NF and OCNF-EF increased exponentially as a function of OCNF concentration. At a
concentration of 0.25 wt%, no significant change in compressive strength is observed between
OCNF-EF and OCNF-NF, suggesting that the amount of OCNFs was insufficient to attain
reinforcement purpose in spite of the presence of aligned network. Beyond 0.25 wt%, the
difference in strength between the two becomes more pronounced for each corresponding

concentration. Upon reaching a concentration of 4.5 wt%, a maximum improvement of 6.09%
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and 8.36% in compressive strength of OCNF-NF and OCNF-EF, respectively, was achieved in
comparison to neat resin sample. A closer comparison between OCNF-NF and OCNF-EF
indicates that the strength of OCNF-EF was higher than OCNF-NF throughout the entire range
of concentration studied. Due to the presence of aligned network shown earlier, it is valid to
presume that OCNF-EF capability of sustaining the compressive load (parallel to the direction of
aligned network) is better than OCNF-NF.

In the case of nanocomposites made of only ACNFs, the compressive strength of ACNF-
NF and ACNF-EF is found to behave differently in comparison to OCNF-NF and OCNF-EF.
Although the compressive strength is higher than neat resin sample, the change in strength of
ACNF-NF is rather less obvious as the concentration increased. On the contrary, a gradual
increase in compressive strength is observed for ACNF-EF until a concentration of 1.5 wt% and
then the change in strength becomes more prominent at higher ACNF concentration. At a
concentration of 4.5 wt%, a maximum improvement of 5.09% and 8.76% in compressive
strength of ACNF-NF and ACNF-EF, respectively, was achieved in comparison to neat resin
sample. Like the trend observed in nanocomposites containing OCNFs, the strength of ACNF-EF
is higher than ACNF-NF for all concentration, confirming the positive effect of aligned network

parallel to the direction of electric field on the strength of nanocomposites.
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Figure 16. Compressive strength of nanocomposites designated
OCNF-NF, OCNF-EF, ACNF-NF, and ACNF-EF. The error bars
denote the standard deviation. Results were published in [24].
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Figure 17. Percentage change of compressive strength of
nanocomposites designated OCNF-NF, OCNF-EF, ACNF-NF, and
ACNF-EF with respect to neat resin sample. Results were
published in [24].

Figure 18 and 19 summarize the compressive modulus and percentage change of
compressive modulus, respectively, of nanocomposites containing OCNFs and ACNFs
fabricated for this study. Like compressive strength, the compressive modulus of
nanocomposites containing OCNFs or ACNFs (regardless of whether the nanocomposite was
subjected to electric field) is improved with respect to neat resin sample except for OCNF-NF
loaded at 0.25 wt% which shows a negligible change.

Looking at the nanocomposites made of only OCNFs, the compressive modulus of

OCNF-NF and OCNF-EF increases approximately linearly as the OCNF concentration increases,
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but the linear trend is applicable for OCNF-EF up to 3 wt%. Under this condition, the maximum
improvement in compressive modulus of OCNF-NF (+9.04%) and OCNF-EF (+11.37%)
occurred at a concentration of 4.5 wt% and 3 wt%, respectively. Nevertheless, the modulus of
OCNF-EF is higher than OCNF-NF for all concentrations mainly due to the presence of aligned
network. Another interesting finding is that the change in modulus of OCNF-EF is more
pronounced than OCNF-NF at 0.25 wt%. This indicates that the aligned network imposed a more
influential effect to the enhancement of modulus at such concentration, even though the strength
of OCNF-NF and OCNF-EF remained approximately unchanged.

For the nanocomposites containing ACNFs, the compressive modulus of ACNF-NF and
ACNF-EF increases at a non-linear trend with respect to ACNF concentration. In contrast to
OCNEF-NF and OCNF-EF, the maximum improvement in compressive modulus of ACNF-NF
(+12.43%) and ACNF-EF (+19%) occurred at a concentration of 3 wt% and 4.5 wt%,
respectively. In addition, an interesting observation can be drawn when comparing the
percentage change of modulus of ACNF-EF and ACNF-NF at each concentration. From Figure
18, it can be seen that the percentage change of modulus of ACNF-EF is two to three times
greater than ACNF-NF, which can be attributed to the combination of enhanced compatibility

between ACNFs and the resin and the presence of aligned network in the nanocomposites.
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Figure 18. Compressive modulus of nanocomposites designated
OCNF-NF, OCNF-EF, ACNF-NF, and ACNF-EF. The error bars
denote the standard deviation. Results were published in [24].
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Figure 19. Percentage change of compressive modulus of
nanocomposites designated OCNF-NF, OCNF-EF, ACNF-NF, and
ACNF-EF with respect to neat resin sample. Results were
published in [24].

As mentioned previously, the attachment of amine functional groups on the surface of

pristine carbon nanomaterials will help to improve the chemical compatibility between

nanomaterials and polymer matrix, thus resulting in better load transfer from polymer matrix to

nanomaterials. To validate this hypothesis, both compressive strength and modulus of

nanocomposites containing OCNFs and ACNFs are compared. Note that only nanocomposites

loaded at 4.5 wt% are considered since the best improvement in compressive strength and

modulus occurred at this concentration. Figure 20 shows the comparison of percentage change of

compressive strength among OCNF-NF, OCNF-EF, ACNF-NF, and ACNF-EF. Clearly, no
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significant difference can be obtained when comparing the strength of OCNF-NF to ACNF-NF
and OCNF-EF to ACNF-EF, respectively. Through this comparison, it seems like the strength of
nanocomposites does not depend on the type of functionalized CNFs used for the concentrations
studied. Figure 21 shows the comparison of percentage change of compressive modulus among
OCNF-NF, OCNF-EF, ACNF-NF, and ACNF-EF. On the contrary to strength, the difference is
more pronounced when comparing the modulus of OCNF-NF to ACNF-NF and OCNF-EF to
ACNF-EF, respectively, especially in the latter comparison. It is believed that the combination of
amine functional group and aligned network is the key factor for such difference in modulus,
causing a 9% difference between OCNF-EF and ACNF-EF. This finding also indicates that the
modulus of nanocomposites is dependent on the type of functionalized CNFs used.

Based on these comparisons, one can satisfactorily presume that the coupling of amine
functional group grafted on ACNFs and aligned network will result in nanocomposite with better
modulus and hence better load transfer from the matrix to CNFs. As such, it is possible that if
higher concentration of functionalized CNFs can be incorporated and selectively aligned using
other methods, nanocomposites with higher strength and modulus along the aligned direction can

be achieved provided that uniform dispersion of CNFs is preserved.
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Figure 20. Comparison in percentage change of compressive
strength between OCNF- and ACNF-enhanced nanocomposites at
4.5 wt% with respect to neat resin sample. Results were published
in [24].
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3.34 Electrical Properties

Figure 22 shows the electrical resistivity of OCNF-NF and OCNF-EF. Note that the

electrical resistivity of neat epoxy resin was obtained from literature [66]. In the case of OCNF-
NF, the addition of 0.25 wt% OCNFs reduced the electrical resistivity of nanocomposites to 10°
Q.cm range; however, further increase in OCNF concentration did not impose a significant
change in electrical resistivity. This can be possibly due to the failure of OCNF-NF in reaching
electrical resistivity percolation threshold upon the addition of 4.5 wt% OCNFs to the neat resin.
In fact, Prasse et al. [68] reported that the electrical resistivity percolation threshold would not

take place unless 6 wt% of CNFs is incorporated into the nanocomposites without the application

of electric field. Furthermore, studies performed by Ahn et al. [67] and Lafdi et al. [66]
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demonstrated that the aspect ratio and oxygen content of functionalized CNFs are the main
factors affecting the electrical conductivity percolation threshold. In particular, the lower the
CNF aspect ratio, the higher the amount of functionalized CNFs is required to reach percolation
threshold; the higher the oxygen content, the higher the electrical resistivity of functionalized
CNFs. Based on these findings, it is believed that the resistivity percolation threshold of OCNF-
NF would occur at a concentration higher than 6 wt% because of the low aspect ratio and

increased oxygen content of OCNFs as a result of chemical functionalization.
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Figure 22. Electrical resistivity of OCNF-NF and OCNF-EF as a
function of OCNF concentration. Results were published in [24].
Considering OCNF-EF, the electrical resistivity (measured parallel to the direction of
electric field) also reduced to 10° Q.cm range at a concentration of 0.25 wt% but with slightly
lower value. As the OCNF concentration increased, the reduction in electrical resistivity became

apparent and percolation threshold was observed to occur at around 0.75 wt%. Subsequently, the
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resistivity of nanocomposites loaded at 1.5 wt% reduced to 10’ Q.cm range and continued to
decrease to 10° Q.cm range at a concentration of 4.5 wt%. Even though the concentration
increased by three fold from 1.5 wt% to 4.5 wt%, the change of resistivity was not significant,
indicating that further increase in OCNF concentration will not significantly alter the resistivity
of OCNF-EF. Overall, a reduction of four orders of magnitude in electrical resistivity is achieved
by fabricating nanocomposites with 4.5 wt% OCNFs aligned in the direction of electric field.
Figure 23 reports the electrical resistivity of ACNF-NF and ACNF-EF. For ACNF-NF,
the addition of 0.25 wt% ACNFs also reduced the electrical resistivity of nanocomposites to 10
Q.cm range. Like the trend of OCNF-NF, further increase in ACNF concentration did not alter
the electrical resistivity of ACNF-NF considerably. By taking a closer look at the resistivity
values of OCNF-NF and ACNEF-NF at each concentration, it is found that ACNF-NF was
slightly less resistive than OCNF-NF. Nevertheless, because of the low aspect ratio and
increased oxygen content of ACNFs as a result of chemical functionalization, it is also believed
that the resistivity percolation threshold of ACNF-NF would occur at a concentration greater
than 6 wt%. On the other hand, the electrical resistivity (measured parallel to the direction of
electric field) of ACNF-EF decreased to a value slightly below10’ Q.cm at a concentration of
0.25 wt%. Then, the resistivity of nanocomposites loaded at 1.5 wt% dropped to 10° Q.cm range
and continued to decrease to a value slightly lower than 10° Q.cm at a concentration of 4.5 wt%.
Coincidentally, the percolation threshold for ACNF-EF is also found to occur at approximately
0.75 wt% and further increase in ACNF concentration (from 1.5 wt% to 4.5 wt%) did not cause a
significant change in resistivity. Although ACNFs were used to fabricate nanocomposites, the
electrical test results showed that a reduction of four orders of magnitude in resistivity was also

achievable by aligning ACNFs with electric field.
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Figure 23. Electrical resistivity of ACNF-NF and ACNF-EF as a
function of ACNF concentration. Results were published in [24].

The resistivity trend of OCNF-EF and ACNF-EF shown in this study is similar to the
results (the electrical resistivity of nanocomposites that was measured parallel to the direction of
electric field) reported by Prasse et al. [68] except with higher resistivity values at each
concentration, which can be attributed to difference in CNF type, lower aspect ratio, and
increased oxygen content of functionalized CNFs. Although the resistivity of ACNF-EF loaded
at 1.5 wt% was approximately half an order of magnitude lower than OCNF-EF loaded at 1.5
wt%, both nanocompsites saturated at similar resistivity value at a concentration of 4.5 wt%.
Additionally, it is found that the use of electric field to prepare OCNF-EF and ACNF-EF with
aligned network parallel to the direction of electric field was beneficial until 1.5 wt%. Beyond

this concentration, no apparent benefit in resistivity can be expected for such nanocomposites.
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3.4 Summary and Conclusions

In this chapter, processing and characterization of nanocomposites with improved
mechanical and electrical properties in a preferential direction —containing aligned
functionalized CNF network— was presented. All properties of nanocomposites with aligned
CNF network were measured parallel to the CNF alignment direction. Optical images revealed
the evidence of uniform distribution and alignment of functionalized CNFs in the direction of
electric field. Even though different chemical functional groups were grafted to the CNFs, it was
found that the alignment morphology of the functionalized CNFs was independent of the
functional groups studied.

At a concentration of 4.5 wt%, compressive strength of the nanocomposites with aligned
OCNF and ACNF network attained similar values, which were 8.36% and 8.76% higher than
neat resin sample, respectively. In contrast to strength, compressive modulus of the
nanocomposite with aligned ACNFs was 9% higher than the nanocomposite with aligned
OCNFs at the same concentration (4.5 wt%), resulting in an overall increase of 19% with respect
to neat resin sample. These results suggest that the strength of nanocomposites is independent of
the type of functionalized CNFs whereas the modulus of nanocomposites is dependent on the
type of functionalized CNFs. Compatibility between amine functional groups grafted to the
CNFs and the epoxy matrix provided better load transfer from the matrix to CNFs, resulting in a
better improvement in modulus. When compared to neat resin sample, a reduction of four orders
of magnitude in electrical resistivity was observed for the nanocomposites containing aligned
OCNFs and ACNFs.

Due to their unique properties, cost effectiveness, and ease of processing, CNFs are
attractive candidates for manufacturing hierarchical composites with improved properties and

multi-functionality. Therefore, understanding the fundamental alignment behavior of
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functionalized CNFs in the polymer matrix and properties of final nanocomposites provides a
thoughtful insight before alignment of nanomaterials can be featured to manufacture hierarchical

composites.
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CHAPTER 4
PROCESSING AND CHARACTERIZATION OF HIERARCHICAL COMPOSITES
USING FUNCTIONALIZED CARBON NANOFIBERS

4.1 Introduction

Fiber-reinforced polymeric composites (FPRCs) are well known for their excellent in-
plane strength-to-weight and stiffness-to-weight properties, which are dominated by the 1-D
(unidirectional) or 2-D (plain or satin weave) fiber architectures with high strength and modulus.
Nevertheless, FRPCs suffer from poor interlaminar fracture toughness and shear strength due to
the presence of weak link between FRPC plies that is dominated mainly by polymer matrix
properties. For this reason, scientists and engineers have been desperately seeking for a feasible
solution to address this shortcoming. Several possible solutions to this problem include the
development of through-the-thickness stitching, z-pinning, and 3D braided fibers [25]. These
approaches, however, yield composite parts exhibiting weaker in-plane strength and stiffness due
to fiber displacement/misalignment and low fiber volume fraction.

As nanotechnology research rapidly evolves within material science and engineering,
carbon nanomaterials possessing fascinating features such low density, high strength and
modulus, and high electrical and thermal conductivity arise as a potential candidate to better
enhance FRPCs performance. Such materials have undoubtedly triggered tremendous interest
within the research community to develop feasible manufacturing processes that enable the
creation of new class nano-engineered fiber-reinforced composites —hierarchical composites—
with improved properties and multi-functionality. By prevailing over the aforementioned
manufacturing challenges, researchers have shown that the interlaminar shear strength, mode-I
fracture toughness, out-of-plane electrical and thermal properties of hierarchical composites can

be significantly improved with respect to traditional FRPCs [15]. In addition, the conductive
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network formed by the nanomaterials within hierarchical composites can be used to detect
micro-cracks or flaws unseen by naked eyes [26]. To date, there are five main approaches to
manufacture hierarchical composites: (1) injection of nanomaterial-polymer mixture into the
preform, (2) direct placement of nanomaterials between laminates, (3) growth of nanomaterials
on reinforcement layer through chemical vapor deposition (CVD), (4) deposition of
nanomaterials onto the reinforcement layer, and (5) coating reinforcement fibers with sizing
agent containing well-dispersed nanomaterials. While successfully performed at the laboratory
scale, some of these methods are not cost-effective and are limited by chemical incompatibility
and concentration needed for reinforcement purpose.

In this chapter, two separate studies will be presented. The first study focuses on
fabrication and electrical properties of hierarchical composites made of functionalized CNF/glass
fiber layers. The hybrid layers were fabricated by a simple filtration process, assembled, and
cured with epoxy resin at elevated temperature. The second study addresses the synthesis and
characterization of functionalized CNF/glass fiber assembly demonstrating that functionalized

CNF entangled network can be used to join glass fiber layers in the absence of polymer matrix.

4.2 Experimental Section
4.2.1 Materials

As-received CNFs (AR-CNFs) used in this study were Pyrograf PR-24-XT-PS from
Applied Sciences, Inc. According to the vendor, the CNFs’ average diameter and length were in
the range of 60-150 nm and 30-100 pum, respectively, and iron content is approximately 14,000
ppm. Commercially available plain-weave glass fiber layers (Composites One LLC) were used
as the base material to synthesize functionalized CNF/glass fiber layers and assembly. The two-

part epoxy system used were diglycidyl ether of bisphenol F epoxy resin (EPON 862) and
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diethyl toluene diamine curing agent (EPIKURE-W) from HEXION Specialty Chemicals. The
components were mixed in a ratio of 100 parts resin to 26.4 parts curing agent by weight. All

chemicals were obtained from Fisher Scientific and used as-received.

422 Functionalization of Carbon Nanofibers

To obtain carboxylic acid-functionalized CNFs (OCNFs), 2.5 g of AR-CNFs were first
mixed with 500 mL of nitric acid in a round bottom flask and sonicated in a water bath for 20
minutes at high power (170 W). The solution was then refluxed and stirred at 260 °C for 2 hours.
After that, the OCNFs were filtered out using 0.45 um pore size nylon membrane, rinsed
continuously with reverse osmosis water, acetone, and ultrapure deionized water until chemically
neutral and dried in an oven at 100 °C with vacuum overnight. The OCNFs were then hand
grinded and kept in a desiccator until further use. Note that the OCNFs were functionalized for

only 2 hours in order to preserve the length of CNFs and minimize CNF structural damage [95].

4.2.3 Hierarchical Composites Made of CNF/Glass Fiber Layers
4.2.3.1 Synthesis of CNF/Glass Fiber Layers

The OCNFs were incorporated onto the glass fiber layers (5.08 cm x 5.08 cm) through
simple vacuum filtration method (Figure 24). The weight of glass fiber layer was measured
before subjecting to filtration process. The OCNFs were initially mixed with ultrapure water at
concentration of 0.35 mg/mL and tip-sonicated in a water bath for 10 minutes at medium power.
The OCNF aqueous solution (200 mL) was added to the glass fiber layer drop-wise using a
pipette. Note that each side of the glass fiber layer was filtered with half portion of the prepared
OCNF aqueous solution. The layer was then dried in the air for 12 hours after completing the
addition of OCNF solution on each side of the glass fiber layer. After completing the filtration

60



and drying processes, the weight of the OCNF-coated glass fiber layer was measured to estimate
the amount of OCNFs added to the layer. Optical microscope was used to qualitatively

characterize the distribution of OCNFs on the OCNF/glass fiber layer.
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Figure 24. A schematic illustrating the incorporation OCNFs onto
glass fiber layer through vacuum filtration method.

4.2.3.2 Hierarchical Composites Manufacturing

In this study, three types of panels with stacking sequence of [0];, were manufactured,
shown in Table 3. The first panel (labeled as CNF-GF/EP) was made by curing OCNF/glass fiber
layers with neat epoxy resin while the second panel (labeled as CNF-GF/CNF-EP) was
manufactured by curing OCNF/glass fiber layers with OCNF-toughened epoxy resin. The third
panel (labeled as CFP) was manufactured using as-received carbon fiber layers (Hexcel PAN-
based IM7 6K) and neat epoxy resin for comparison purpose. All panels were manufacture
through vacuum assisted resin transfer molding (VARTM) process (Figure 25) and cured at 121
°C for 8 hours. To prepare OCNF-toughened epoxy resin for manufacturing CNF-GF/CNF-EP,

OCNFs (1 wt% with respect to epoxy resin) were first tip-sonicated with acetone for 15 minutes.
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Then, diluted epoxy resin (EPON 862 and acetone) was slowly added to the OCNF/acetone
mixture and the whole blend was continuously sonicated for additional 15 minutes. The blend
was placed on a hot plate at 110°C to evaporate the acetone. Subsequently, the OCNF/epoxy
mixture was cooled to room temperature and subjected to a calendering process using a three-
roll-mill. Afterward, adequate amount of curing agent (EPICURE W) was added to the
OCNF/epoxy mixture at weight ratio of 100:26.4 and the whole mixture was mixed using a

centrifugal mixer.

TABLE 3

DESCRIPTION OF PANELS MANUFACTURED AND CHARACTERIZED

Layer Type OCNFs in Resin Designation
1 | OCNF/Glass Fiber - CNF-GF/EP
2 | OCNF/Glass Fiber 1 wt% CNF-GF/CNF-EP
3 | Carbon Fiber - CFP
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Resin  Distribution Bag beel Pl
: eel Ply
Sealant  Inlet Media ,\ Vent
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/ Breather

Tool Preform Release
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Figure 25. Schematic of Vacuum-Assisted Resin Transfer Molding
(VARTM) setup.
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4.2.3.3 Preparation and Characterization of Test Specimens

All test specimens were machined using a precision cutting machine. A continuous
coolant supply was used during cutting to prevent overheating of the samples. Three 12.7 mm x
12.7 mm specimens were machined and polished from each panel for in-plane and out-of-plane
electrical conductivity test. Each specimen was coated with silver paint to ensure good contact
and the test was performed according to a two-probe method. The in-plane electrical
conductivity of each sample was calculated by:

L )

where R, A, and L are resistance, area (thickness x width) of electrodes, and length of each

specimen, respectively. The out-of-plane electrical conductivity of each was calculated using:

t 3)

where R, A, and L are resistance, area (length x width) of electrodes, and thickness of each

specimen, respectively.

4.2.4 CNF/Glass Fiber Assembly

A solution filtration setup was used to join two as-received plain-weave glass fiber layers
(5.08 cm x 5.08 cm) with OCNFs, as illustrated in the top schematic Figure 26. The OCNF
aqueous solution (0.35 mg/mL) was prepared by tip-sonicating OCNFs with ultrapure deionized
water at medium power for 10 minutes. To prepare OCNF/glass fiber assembly, a nylon
membrane (0.45 pm pore size) was first coated with 50 mL of OCNF solution (over an area of
the dimensions of glass fiber layers). Afterward, the first glass fiber layer was placed on the
OCNF-coated area and half of the layer was covered with aluminum foil to prevent OCNF

coating. Then, additional 250 mL of OCNF solution was slowly added to the first glass fiber
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layer. Subsequently, the second glass fiber layer was placed on top of the first glass fiber layer
and filtered with additional 300 mL of OCNF solution. Note that the OCNF solution was added
to membrane and glass fiber layers drop-wise using a pipette. Upon completing the filtration, the

OCNF/glass fiber assembly was rinsed with acetone and dried in air with vacuum overnight.
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OCNF entangled network
Filter stone between two glass fiber layers

Figure 26. Experimental setup for preparing sample (top) and
actual photograph (bottom) of OCNF/glass fiber assembly. Images
were published in [95].
The amount of OCNFs added to the OCNF/glass fiber assembly was approximately 154

mg and an actual photograph of OCNF/glass fiber assembly is presented at the bottom of Figure

26. After removing the aluminum foil, the OCNF/glass fiber assembly was cut to obtain a thin
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strip of approximately 9 mm x 50.8 mm. The specimen was then tested using a tensile test
instrument. The cross-section of the specimen was imaged using optical microscope and field

emission scanning electron microscope before and after testing.

4.3 Results and Discussions
43.1 Hierarchical Composites with CNF/Glass Fiber Layers

Figure 27 shows the photograph of as-received glass fiber layer and glass fiber layer
coated with OCNFs. This image clearly shows that OCNFs were successfully incorporated onto
the glass fiber layer through simple vacuum filtration process and the distribution of OCNFs
seems to be uniform macroscopically. The OCNF/glass fiber layer was further characterized
using optical microscope to investigate the distribution of OCNFs at fiber tow level. From Figure
28(a), it can be observed that the OCNFs are uniformly distributed within a single fiber tow
without inducing significant OCNF agglomerate. Intriguingly, such finding was not seen when
OCNFs were deposited onto carbon fiber layer (Figure 28(b)). Previously, Rodriguez [94]
successfully incorporated OCNFs onto carbon fiber layer through electrophoretic deposition and
reported that the distribution of OCNFs on carbon fiber layer was not uniform. Instead, spot-wise
OCNEF distribution was observed within a single carbon fiber tow and some areas appeared to be
free of OCNF deposition. It is believed that the distribution of OCNFs on glass and carbon fiber
layer, respectively, is affected by several possible factors including the methodology used to
incorporate OCNFs onto each layer, OCNF functionalization time, preparation of OCNF
aqueous solution, flatness of the layer during processing, and the layer’s sizing chemistry.

Another interesting finding is the amount of OCNFs added to glass and carbon fiber
layer, respectively. When OCNFs were deposited onto carbon fiber layer through EPD, the

amount of OCNFs added to the layer was 31.61 mg, which was equivalent to an aerial weight of
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0.744 g/m’. In contrast, the amount of OCNFs incorporated to the glass fiber layer through
vacuum filtration method is 23.61 mg, which is equivalent to an aerial weight 9.15 g/m’. Clearly,
the amount of OCNFs per unit area added to glass fiber layer is much higher compared to carbon
fiber layer without inducing significant OCNF agglomerate, suggesting that vacuum filtration is
a viable method to fabricate hybrid glass fiber layer with high nanomaterial concentration. If
multiple OCNF/glass fiber layers are used to manufacture hierarchical composite, both in-plane
and out-of-plane electrical conductivity of resulting composite are expected to dramatically
improve. Such improvement in composite electrical conductivity can be used to detect damage or

flaw in composites as well as to dissipate electrostatic charges.
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Figure 27. Photograph of as-received glass fiber layer (left) and
OCNF/glass fiber layer (right).

66



Figure 28. Optical images of (a) OCNF/glass fiber layer at 200x
magnification and (b) OCNF/carbon fiber layer at 100x
magnification [94].

Figure 29 summarizes both in-plane and out-of-plane electrical conductivity of CNF-
GF/EP, CNF-GF/CNF-EP, and CFP, respectively. Clearly, the addition of OCNFs onto glass
fiber layers transformed insulating glass fiber composites into conductive hierarchical
composites. In general, the in-plane electrical conductivity of all three panels is 2 to 3 orders of
magnitude higher than their out-of-plane electrical conductivity. This can be explained by the
formation of continuous conductive path by OCNFs that were deposited onto the surfaces of
glass fibers which acted as “guiding channels”. When comparing the in-plane electrical
conductivity of CNF-GF/EP (6.3 S/m) and CNF-GF/CNF-EP (8 S/m), no significant difference
is observed between these panels even though additional 1 wt% of OCNFs was added to the resin
used to manufacture CNF-GF/CNF-EP because the in-plane electrical conductivity is dominated
by the afore-mentioned OCNF continuous conductive path. Although the in-plane electrical
conductivity of CFP (1,559 S/m) is approximately 3 orders of magnitude higher than CNF-
GF/EP and CNF-GF/CNF-EP, the improvement in in-plane electrical conductivity ascertains the

benefit of using OCNFs to transform insulating glass fiber composites into a conductive material.
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Unlike in-plane electrical conductivity, the out-of-plane electrical conductivity of CNF-GF/CNF-
EP (0.1702 S/m) is found to be approximately 310 % higher than CNF-GF/EP (0.0415 S/m) in
spite an insignificant difference in in-plane electrical conductivity between these panels. It is
well known that the out-of-plane electrical conductivity of FRPCs is lower than in-plane
electrical conductivity due to poor electrical properties of the matrix. Therefore, a change in the
matrix properties will influence the out-of-plane electrical conductivity of FRPCs. In this case, it
is believed that the OCNF-toughened epoxy resin used to fabricate CNF-GF/CNF-EP is the
primary factor governing the difference in out-of-plane electrical conductivity. A schematic
illustrating such difference is shown in Figure 30 and is discussed in the following section.
Before adding OCNFs into the matrix, the out-of-plane conductive path is formed by the OCNFs
deposited onto the surfaces of glass fibers. Under this scenario, the electrons can only travel
along the path where OCNFs are in contact with each other thus lowering the overall out-of-
plane electrical conductivity. After adding OCNFs into the matrix, additional conductive path is
formed by OCNFs distributed within the matrix phase. The two-prong conductive path allows
more electrons to travel and thus increases the overall out-of-plane electrical conductivity of
CNF-GF/CNF-EP. Interestingly, the out-of-plane electrical conductivity of CFP (2 S/m) is only
an order of magnitude higher than CNF-GF/CNF-EP, suggesting that the addition of OCNFs to
glass fiber and polymer matrix is a feasible strategy to enhance the out-of-plane electrical
conductivity of hierarchical composites.

As mentioned earlier, such improvement in electrical conductivity of hierarchical
composites can be used for structural health monitoring purpose. Although investigation is not
pursued in this study, the rationale of using OCNFs as in-situ sensors to detect damage is

described below. Based on the results and illustration presented, the damage sensing mechanism
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can take place at two different regions in composites: fiber/matrix interface and matrix phase. In
the first region, since OCNFs are directly incorporated onto the surfaces of glass fibers, the
conductive OCNFs can act as sensors to detect fiber/matrix interface debonding, which is a
failure mode often encountered in composites subjected to compression or interlaminar shear
test. In the second region, OCNFs distributed with the matrix phase can also act as sensors to
detect matrix micro-crack and ply delamination, which are failure modes often encountered in

composites subjected to mode-I or mode-II fracture toughness test.
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Figure 29. In-plane and out-of-plane electrical conductivity of
CNF-GF/EP, CNF-GF/CNF-EP, and CFP. Error bar denotes
standard deviation.
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Figure 30. A schematic illustrating the difference in out-of-plane
electrical conductivity of OCNF-GF/EP and OCNF-GF/OCNF/EP.

4.3.2 OCNF/Glass Fiber Assembly

The cross-section of OCNF/glass fiber assembly was characterized using optical and
SEM imaging before conducting the peel test. Figure 31(a) shows the optical cross-sectional
image of the OCNF/glass fiber assembly. The image clearly indicates that the OCNFs were
successfully incorporated into the glass fiber layers and the layers seemed to be joined by the
OCNF entangled network after filtering.

To gain better insight into the hierarchical structure, three different sections across the
cross-section of the OCNF/glass fiber assembly were further analyzed using SEM. An SEM
image taken at the mid-section of the OCNF/glass fiber assembly (Figure 31(b)) reveals that the
OCNFs were tightly packed and interconnected with each other at the region between the glass
fiber layers, a morphology that is similar to CNF entangled network in a buckypaper. When
inspecting the structure inside the glass fiber layer, Figure 31(c) shows that the OCNFs

penetrated into the fiber tows and connected individual filaments (indicated by the small yellow
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arrows), resulting in fiber-bridging effect that could benefit the load transfer. Another interesting
finding (Figure 31(d)) that can be obtained from the cross-section of OCNF/glass fiber assembly
is the continuity of OCNF network at the interface (defined by the yellow curve) between the
glass fiber layer and OCNF entangled network.

Combining the observations shown in Figure 31, it is clearly shown that the OCNFs
continuously extended from the first to the second glass fiber layer, creating a stitched
architecture based solely on OCNFs. From macroscopic point of view, the OCNF network
formed in the OCNF/glass fiber assembly can be viewed as the out-of-plane mechanical
reinforcement. As such, it is suggested that the peeling force required for separating OCNF/glass
fiber assembly can be substantially higher than two as-received glass fiber layers (practically
zero force since nothing holds the layers together) in the absence of polymer matrix. It is worth
mentioning that the stitched architecture created through this method is unlike the commercial
stitched laminate produced using through-the-thickness stitching, z-pinning, and 3-D braided
fibers due to the elimination of fiber displacement/misalignment. Since no additional handling
was applied to the as-received glass fiber layers after their placement, the OCNFs would
penetrate into and in between the fiber tows without inducing a force that would displace or

misalign the fibers.
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Figure 31. (a) Optical image of the cross-section of OCNF/glass
fiber assembly and SEM images of (b) OCNF entangled network
between the glass fiber layers, (c) fiber-bridging by OCNFs, and
(d) the interface between the glass fiber layer (above the yellow
curve) and OCNF entangled network (below the yellow curve).
Images were published in [95].

To validate the above statement speculated based on the findings shown in Figure 31, a
peel test was conducted (illustrated in the inset of Figure 32) at a speed 20 um/min. The peeling
force was recorded with respect to the crosshead displacement during the test, as shown in Figure
32. As the test progressed, the test specimen underwent repetitive loading and unloading

behavior. The initial and maximum peeling force for causing the separation of OCNF/glass fiber

assembly were approximately 170 mN and 250 mN, respectively. These findings can be
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attributed to the sequential detachment of OCNF entangled network as possible reinforcement
mechanism. To investigate this, the crack cross-section of the test specimen was carefully
examined using SEM. As shown in Figure 33, significant OCNF pull-out effect at the interface
between glass fiber layer and OCNF entangled network was observed. It is believed that the pull-
out effect was caused by the interlocking mechanism within the OCNF entangled network, which
is directly responsible for the elevated peeling force to separate the OCNF/glass fiber assembly.
In addition, evidence of OCNF alignment perpendicular to the glass fiber layer was observed
after the test, suggesting that the pronounced pull-out effect could promote alignment as the

OCNFs slide with respect to each other during the test.
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Figure 32. Peeling force for separating the OCNF/glass fiber
assembly as a function of stage crosshead displacement. The inset
illustrates the schematic of the peel test (Figure B1). Results were
published in [95].
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Figure 33. SEM image of tested specimen’s cross-section
indicating OCNF pull-out effect and alignment perpendicular to
the glass fiber layer along the crack. Image was published in [95].

4.4 Summary and Conclusions

In summary, two independent studies were pursued to demonstrate the feasibility of
utilizing functionalized CNFs to fabricate hierarchical composites with multi-functionality. By
filtering OCNF aqueous solution through the glass fiber layer, optical image indicated that the
OCNFs were uniformly incorporated to the glass fiber layer and no significant OCNF
agglomerate was observed even though the amount of OCNF per unit area was high. Test results
showed that both in-plane and out-of-plane electrical conductivity of glass fiber hierarchical
composites were comparable to the conductivity of carbon fiber composites. Further comparison
of composites out-of-plane electrical conductivity revealed that the addition of OCNFs into both
glass fiber layers and epoxy resin was more effective than adding OCNFs solely into glass fiber
layers, since the former approach enabled the formation of a two-prong conductive path leading

to a higher overall out-of-plane electrical conductivity. Although not pursued in this
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investigation, it is suggested that the conductive network embedded in hierarchical composites
can be used to detect a variety of failure modes occur at fiber/matrix interface or matrix phase.

In the second study, joining of glass fiber layers using solely OCNF entangled network
through a solution filtering process was demonstrated. Cross-sectional view, characterized using
optical and SEM microscopy, of the OCNF/glass fiber assembly showed evidence of continuous
OCNF entangled network extending from the first to the second glass fiber layer and fiber-
bridging effect, which is beneficial to the load transfer. As a result of the filtering process, the
peeling force required to separate the OCNF/glass fiber assembly was significant due to the
presence of OCNF entangled network. Further failure analysis revealed significant OCNF pull-
out effect and alignment perpendicular to the glass fiber layer along the crack, which could be
explained by the sequential detachment of OCNF entangled network as possible reinforcement
mechanism. Based on the results presented, it is believed that the mechanical properties,
especially interlaminar shear strength and mode-I fracture toughness, of hierarchical composites

can be significantly improved if OCNF/glass fiber assembly is used.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

Carbon nanofibers (CNFs) have a unique combination of mechanical, electrical, and
physical properties that makes them promising candidates to be used as reinforcing
nanomaterials in nano-engineered polymeric composites. To take full advantage of these
properties, several manufacturing challenges must be overcome. In this research, several types of
nano-engineered polymeric composites were successfully fabricated by prevailing over the afore-
mentioned manufacturing challenges. Particularly, functionalized CNFs were directly
incorporated into epoxy resin or dry glass fiber layers prior to post-processing and final curing at
elevated temperature.

In the study of polymeric nanocomposites, several optical images revealed that the
functionalized CNFs were uniformly incorporated into epoxy resin and that the functionalized
CNFs were aligned in the direction parallel to the applied electric field. Although different
functionalized CNFs were used to fabricate nanocomposites, it was qualitatively found that the
alignment morphology of the functionalized CNFs was independent of the functional groups
grafted onto CNFs. Both mechanical and electrical properties measured parallel to the CNF
alignment direction were improved with respect to neat epoxy sample. At a concentration of 4.5
wt%, compressive strength of the nanocomposites containing aligned OCNF and ACNF network
was similar to each other, showing an improvement of 8.36% and 8.76% higher than neat resin
sample, respectively. Unlike compressive strength, compressive modulus of the nanocomposites
with aligned ACNF network showed a better increase in comparison to the nanocomposite with
aligned OCNF network at the same concentration, which was 19% higher than neat resin sample.

These results suggest that the type of functional groups grafted to the CNFs would influence the
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compressive modulus of nanocomposites, in which case it is believed that the compatibility
between amine functional groups grafted to the CNFs and the epoxy matrix facilitated a more
efficient load transfer from the matrix to CNFs, thus leading to a better improvement in modulus.
When compared to neat resin sample, a reduction of four orders of magnitude in electrical
resistivity was observed for the nanocomposites containing aligned OCNF and ACNF network
and the resistivity percolation threshold for both types of nanocomposites was estimated to be
0.75 wt%. Interestingly, the trend of electrical resistivity shown herein was similar to the one
reported by other researchers but with different resistivity values due to the differences in CNF
type, lower aspect ratio, and increased oxygen content of functionalized CNFs.

As for hierarchical composites, two independent studies were performed to demonstrate
the feasibility of utilizing functionalized CNFs to manufacture multifunctional hierarchical
composites. By filtering OCNF aqueous solution through the glass fiber layer, the OCNFs were
observed to be uniformly distributed within the glass fiber layer without creating significant
OCNF agglomerate even though the amount of OCNF per unit area was high. Test results
showed that both in-plane and out-of-plane electrical conductivity of glass fiber hierarchical
composites were dramatically improved and were comparable to the conductivity of carbon
fiber-epoxy composites. By comparing the out-of-plane electrical conductivity of hierarchical
composites, it was experimentally found that the addition of OCNFs into both glass fiber layers
and epoxy resin was more effective than adding OCNFs solely into glass fiber layers, since the
former strategy enabled the creation of more conductive paths leading to a higher overall out-of-
plane electrical conductivity. Although not investigated in this research, it is suggested that the
conductive network embedded in hierarchical composites can be used as an in-situ sensor to

detect a variety of failure modes occur at fiber/matrix interface or matrix phase. Additionally,
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experiment aiming at joining of glass fiber layers using solely OCNF entangled network through
a solution filtering process was performed. By carefully examining the cross-section of the
OCNF/glass fiber assembly, evidences of continuous OCNF entangled network extending from
the first to the second glass fiber layer and fiber-bridging effect were found. Through the filtering
process, the peeling force required to separate the OCNF/glass fiber assembly was significant
due to the presence of OCNF entangled network. Further failure analysis revealed significant
OCNF pull-out effect and alignment perpendicular to the glass fiber layer along the crack, which
could be explained by the sequential detachment of OCNF entangled network as possible
reinforcement mechanism. Based on the results presented, it is suggested that the mechanical
properties of hierarchical composites can be significantly improved if OCNF/glass fiber
assembly is used.

Although exceptional properties of CNFs have been routinely reported in literatures, it is
not certain whether these properties were completely harnessed. From the results reported in this
study, it was observed that both mechanical and electrical properties of nano-engineered
polymeric composites were far below the properties of CNFs most likely due to structural
defects, lower aspect ratio, discontinuity among CNFs, and the concentration needed to attain
reinforcement purpose. It is, however, believed that the properties of nano-engineered polymeric
composites can be further improved if these deficiencies are satisfactorily resolved. One
potential solution is by using CNFs that are much longer than current commercially available
CNFs to overcome issues in aspect ratio and optimum concentration. Other alternative includes
promoting chemical bonding between nanomaterials and matrix (for polymeric nanocomposites)
and among reinforcement-fiber/nanomaterial/matrix interface (for hierarchical composites) to

enable better load transfer. Nevertheless, the investigations performed in this research can be
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extended to the use of CNTs, a mixture of CNFs and CNTs, and graphene in order to establish a

more comprehensive understanding of nano-engineered polymeric composites.
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APPENDIX A

FOURIER TRANSFORM INFRARED (FTIR) SPECTRUM AND THERMOGRAVIMETRIC
ANALYSIS (TGA) OF AR-CNF AND OCNF FUNCTIONALIZED FOR TWO HOURS
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Figure A.1. FTIR spectrum of AR-CNF and OCNF.
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Figure A.2. TGA plots of AR-CNF and OCNF.
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APPENDIX B

ACTUAL PHOTOGRAPH SHOWING THE PEEL TEST OF OCNF/GLASS FIBER
ASSEMBLY USING A TENSILE STAGE
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Figure B.1. Peel test of OCNF/glass fiber assembly.
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