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ABSTRACT

Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have an exceptional combination of
properties that make them ideal materials for use as reinforcing particles in advanced composites.
This investigation was aimed at obtaining fundamental understanding of the processing and
properties of carbon nanoparticle/fiber-reinforced polymer composites ―defined as multiscalereinforced polymer composites (MRPCs)― manufactured through a practical and scalable
process. Such process consists of two stages. The first stage involves the synthesis of multiscalereinforcement fabrics (MRFs) by electrophoretic deposition of carboxylic acid- or aminefunctionalized CNTs and CNFs onto the surface of carbon fiber layers in aqueous medium; while
the second stage proceeds with the stacking of the MRFs and infusion of the resulting preforms
with an epoxy-amine resin system to obtain the MRPC.
MRPCs manufactured following the described approach were tested for
mechanical and electrical properties. Mechanical test results showed an increase in interlaminar
shear strength (ILSS), shear stiffness, and compressive strength of all panels manufactured.
Panels containing amine-functionalized carbon nanoparticles had the highest increase in
properties: 13% in ILSS, 2.5-4 fold in shear stiffness, and up to 15% in compressive strength. On
the other hand, it was found that through-plane electrical conductivity of MRPCs increased by
100% when using unsized MRFs. Investigation into the enhancement mechanism of mechanical
and electrical properties was also performed. Discussion of these mechanisms are presented with
emphasis placed on the fiber/matrix interface and the load transfer mechanisms between matrix,
carbon nanoparticles, and carbon fiber.
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CHAPTER 1
INTRODUCTION

1.1

Motivation
Advanced polymer composites provide excellent tensile strength-to-weight and stiffness-

to-weight ratios which are dominated by the mechanical properties of the fibers and the ability of
the matrix to transfer load to the fibers. Conversely, typical advanced polymer composites have
poor out-of-plane and in-plane compressive properties such as interlaminar shear strength (ILSS)
and stiffness, and compressive strength. The out-of-plane behavior is explained by the
dependence of these properties on the weaker polymeric resin system and the strength of the
fiber/matrix interaction while compressive behavior is explained by the matrix playing a
fundamental role in preventing the fibers from micro-buckling and kinking [1].
Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have an exceptional
combination of mechanical, electrical, and physical properties that make them ideal materials as
reinforcing nanoparticles in advanced polymer composites [2-4]. Their unique traits such as high
modulus, strength, and electrical conductivity along with low density have motivated the
research community to develop manufacturing technologies that seek the creation of a new class
of nano-enhanced multiscale-reinforced polymer composites (MRPCs) with improved and
controlled properties. If these unique nanoparticles can be successfully incorporated into
advanced polymer composites, a new generation of high-performance, light-weight, nanoenhanced advanced polymer composites can be created.
In order to properly incorporate CNTs/CNFs into advanced composites, three major
manufacturing challenges must be overcome: (1) dispersion of CNTs/CNFs into the matrix
system, (2) uniform impregnation of the preform by the CNTs/CNFs, and (3) bonding and
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compatibility between the CNTs/CNFs, matrix, and micro-sized reinforcement fibers. The usual
approach to manufacturing MRPCs is through liquid composite molding. This process consists
of four steps: (1) dispersion and mixing of the CNT/CNF in a polymer resin, (2) infusion of the
CNT/CNF resin mixture into a mold containing dry preforms, (3) curing of the part, and (4)
extraction of the part from the mold. Ideally, this manufacturing approach should produce
MRPCs with enhanced mechanical and electrical properties. However, due to the major
manufacturing challenges, enhanced and consistent mechanical and electrical properties are not
always achieved. These manufacturing challenges along with the traditional method to
manufacture MRPCs are schematically shown in Figure 1 and explained in detail below.
Manufacturing Process of Multiscale-Reinforced Polymer Composites (MRPC)

MWCNT/CNF

Issues Related to
manufacturing of MRPC

Surfactant or
Acid Treatment
Resin System

Treated
MWCNT/CNF

Dispersion

Mixing
Resin System + Treated
MWCNT/CNF

Preform

Injection

Filtration
Mold Filled with Preform + Resin
System + MWCNT/CNF

Bonding

Curing
Multiscale-Reinforced
Polymer Composite

Figure 1. Issues related to manufacturing of fiber-reinforced polymer nanocomposites.

1.

Dispersion of CNTs/CNFs into matrix system [5-12]. Due to their high surface area and
high aspect ratio (> 1,000) along with weak van der Waals forces, CNTs/CNFs in their
pristine state tend to agglomerate and form clusters and bundles of ropes that are difficult
to disrupt or disentangle [13]. If these agglomerates are not broken apart before
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incorporating the CNTs/CNFs into advanced composites, then the nanomaterials cannot
be effectively dispersed in the resin, which results in lower interaction among the
CNTs/CNFs, resin, and microfibers [14]. As a result, the ineffective load transfer
between matrix and CNTs/CNFs will not be enough to attain reinforcement at the macroscale level and will lead to lower overall properties of the composite. Scanning electron
microscopy (SEM) images of CNT and CNF agglomerates are shown in Figure 2.
Current CNT/CNF dispersion methods used in polymer resin systems, including chemical
and physical mixing/processing methods along with mechanical shear mixing [2, 15-18],
have achieved some level of success. However, these methodologies are not enough to
ensure the desired dispersion level and other MRPC manufacturing techniques are
required.

Figure 2. Left: SEM image CNT agglomerates. Right: SEM image of CNF agglomerates.

2.

Uniform impregnation of preform by CNTs/CNFs [4, 6]. Traditionally, manufacturing
of MRPCs is achieved through liquid injection molding where initially the CNTs/CNFs
are added to the resin, mixed, and subsequently injected into the preform. The size of
CNTs/CNFs is small compared to the space between the microfiber layers that comprise
the preform of an MRPC. During injection of the CNT/CNF-resin mixture, the

3

nanoparticles should penetrate the preform without any hindrance; however, if the
agglomerates/bundled ropes are large due to poor dispersion and/or the resin contains a
high loading of CNTs/CNFs, the microfibers may act as a filter when injecting the
CNT/CNF resin into the preform preventing the flow of agglomerates inside the part.
This “filtering” phenomenon creates two types of regions inside the part: (1) regions with
excess CNT/CNF where ineffective load transfer from the matrix to the nanomaterial
causes a decrease in the properties of the part, and (2) regions of low CNT/CNF
concentration where the amount of nanomaterial may not be enough for the part to attain
reinforcement. An additional challenge associated with MRPC liquid injection molding
techniques is that higher loading of CNTs/CNFs in the matrix causes the viscosity of the
mixture to increase significantly due to the high aspect ratio of the CNTs/CNFs. If the
increase in viscosity is too high, then it becomes extremely difficult ―if not
impossible― to impregnate the preform with the mixture of CNT/CNF resin. This limits
the processability of the MRPCs, especially at high CNT/CNF concentrations [6]. Under
these circumstances, void formation also becomes a concern [19].

3.

Bonding

and

compatibility

between

CNTs/CNFs,

matrix,

and

micro-sized

reinforcement fibers [20-24]. In fiber and particle-reinforced systems, it is essential that
all constituents interact effectively to achieve the material's full potential by exploiting
the properties of all phases. Therefore, high surface interaction among the CNTs/CNFs,
matrix, and fibers is crucial in harnessing the properties of the nanomaterials. Different
resins have different chemical compositions; therefore, the surface interaction between
the CNTs/CNFs and the resin and micro-sized fibers may change depending on their
surface chemistry [25, 26]. If the interaction forces are low, then overall material
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properties will also be low due to inefficient load transfer between phases. In this case,
chemical modification to the surface of the nanomaterials and fibers is necessary to
ensure good compatibility and load transfer between phases.
1.2

Research Objectives
To manufacture MRPCs with improved and consistent mechanical properties, the three

aforementioned manufacturing challenges must be addressed and resolved. As such, it is
necessary to develop and study novel processes to manufacture MRPCs that can exploit the
unique properties of CNT and CNF in order to render high-performance materials.
In this work, a methodology to manufacture multiscale-reinforced polymer composites
containing functionalized CNTs and CNFs was developed and studied. This methodology
addresses current MRPC manufacturing issues by placing either carboxylic acid- or aminefunctionalized MWCNTs/-CNFs directly into the dry carbon fiber layers prior to infusion of the
matrix system. The methodology for manufacturing MRPCs is divided into two stages. In the
first stage, multiscale-reinforcement fabrics (MRFs) were manufactured by depositing carboxylic
acid- or amine-functionalized CNTs and CNFs on the surface of carbon fiber layers by
electrophoretic deposition. In the second stage, preforms containing the MRFs were assembled
and infused with an epoxy-amine resin system by resin infusion to manufacture the final
MRPCs. The resulting MRPCS were then tested for mechanical and electrical properties.
This research work is aimed at obtaining a fundamental understanding of the processing
and properties of MRPCs that are manufactured following the aforementioned process. These
findings are intended to be used to further knowledge in the manufacturing of MRPCs in order to
aid in the creation of the next generation of high-performance polymer composites.

5

Based on the motivation of this project, the dissertation research objectives are as
follows:
•

To develop a process to synthesize multiscale-reinforcement fabrics (MRFs) containing
functionalized CNTs/CNFs with the aim of enhancing the properties of multiscale-reinforced
polymer composites manufactured with such layers.

•

To study the effectiveness of the multiscale-reinforcement fabrics on the mechanical and
electrical properties of multiscale-reinforced polymer composites manufactured with the
synthesized multiscale fabrics.
Chapter 1 provides an introduction to the subject where the main issues related to

manufacturing of MRPC are discussed and the research objectives are presented. Chapter 2
presents a review of the research related to CNT/CNF technology, where the synthesis,
morphology, and properties of CNT/CNF are studied along with MRPC processing techniques
and characterization. In Chapter 3, a process to synthesize multiscale-reinforcement fabrics
(MRFs) containing functionalized CNT-/CNF is described and studied. To assess the effect of
the hierarchical structures of MRFs described in Chapter 3, Chapter 4 shows the processing and
characterization of MRPCs manufactured with such layers. Finally, Chapter 5 presents the
conclusions of the work with emphasis placed on understanding the reinforcement mechanism of
MRFs.
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CHAPTER 2
LITERATURE REVIEW

2.1

Morphology, Properties, and Synthesis of Carbon Nanotubes and Carbon
Nanofibers

2.1.1

Carbon Nanotubes
Although carbon nanotubes are believed to have been initially observed by Oberlin et al.

[27] and other authors [28] in the 1970's (although not claimed by them to be CNTs), they were
first unambiguously observed and reported by Iijima in 1991 [29]. These allotropes of carbon
were “needle-like” tubes comprised of 2 to 50 coaxial sheets of graphitic carbon forming a tubelike wall with a diameter ranging in the tens of nanometers (electron micrographs of this
discovery are provided in Figure 3). These carbon forms were later named multi-walled carbon
nanotubes (MWCNTs). In 1993, two separate and independent reports by Iijima and Ichihashi
[30] and Bethune et al. [31] described the structure of a newly discovered form of carbon
exhibiting a single wall of carbon. Both publications reported single-shell carbon structures made
by an electric arc discharge using iron and cobalt catalysts, respectively. The single-shell
nanotubes, named single-walled carbon nanotubes (SWCNTs), were reported to have diameters
of approximately 1 nm for iron and 1.2 nm for cobalt catalysts. An electron diffraction pattern
and micrograph of the SWCNT reported by Iijima and Ichihashi are shown in Figure 4.
2.1.1.1

Morphology and Properties of Carbon Nanotubes
CNTs' manufacturing and characterization techniques have evolved since their discovery.

To date, CNTs are generally classified into two types: (i) multi-walled carbon nanotubes and (ii)
single-walled carbon nanotubes. MWCNTs have diameters of 3-80 nm depending on the number
of carbon shells while SWCNTs have a diameter of 1-2 nm. Both types of CNTs have been
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observed to have a typical length from hundreds of nanometers to hundreds of microns. A
schematic of the morphology of a SWCNT and a MWCNT is provided in Figure 5.

Figure 3. Electron micrographs of microtubules of graphitic carbon: (a) tube
consisting of five graphitic sheets, diameter 6.7 nm, (b) two-sheet tube, diameter
5.5 nm, (c) seven-sheet tube, diameter 6.5 nm, which has the smallest hollow
diameter (2.2 nm) [29].

Figure 4. (a) Electron diffraction pattern taken from a single-shell nanotubule of
diameter 1.37 nm. (b) Electron micrograph of same tubule [30].
8

Figure 5. Schematic of morphology of SWCNT and MWCNT.
CNTs have an extraordinary combination of mechanical, electrical, and physical
properties. CNT Young's modulus can range from 590 to 1,105 GPa, its strength can range from
35 to 110 GPa [32], and its axial electrical conductivity has been estimated to be ~106 and ~108
S/m depending on the type of CNT, SWCNT and MWCNT, respectively [33]. With one-sixth of
the density of steel, CNTs are about 100 times stronger and have the ability to sustain high strain
(10%–30%) without breaking.
A CNT can be visualized as a hexagonal graphene sheet rolled to form a tube-like carbon
arrangement. This arrangement makes carbon atoms sp2 hybridized in a helical manner
(graphene sheet lattice configuration). The diameter and properties of CNTs depend on how the
graphene sheets are “rolled.” This difference in configuration is described in terms of helicity,
r

which is mathematically described in terms of a chiral vector, C h , and chiral angle, θ . The
chiral vector describes the direction to which the graphene sheet is rolled over and is defined by

r

r

two integers, n and m, and two unit vectors, a1 and a2 , related by the following equation:
r
r
r
C h = m a1 + n a 2 . The integers describe the lattice atom that will be superimposed with the

reference carbon atom, as indicated in Figure 6.
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Figure 6. Top: Molecular models of SWCNTs with different chiralities: (a)
armchair, (b) zig-zag, (c) chiral. Bottom: Schematic diagram of chiral vector and
chiral angle of graphene lattice [33].
The chiral angle is defined by the aperture between the chiral vector and the zig-zag
structure of the graphene sheet [33]. The two limiting cases for the helicity or “twist” of CNTs is
when the chiral angle is either 0° or 30°; these configurations are referred to as armchair and zigzag, respectively. In the former case (n, n), some of the carbon-carbon bonds (C-C) lie along the
circumference of the CNTs whereas in the latter case (n, 0), the C-C bonds lie in the crosswise
10

direction with respect to the chiral vector [34]. All other configurations of the CNTs lie within
these limiting cases and are referred to as chiral nanotubes (m, n). The difference in
configuration between the aforementioned CNTs is schematically shown in Figure 6. Based on
the chiral angle and vector, the diameter of the CNTs can be defined by d =

a m 2 + mn + n 2

π

where a = 1.42 × 3 Å and represents the lattice constant in the graphene sheet. Note that the
inter-atomic distance is 1.42 Å.
Several researchers have investigated the effect of chirality on the mechanical and
electrical properties of CNTs. Vaccarini et al. [35] studied the effects of tube chirality on the
axial stiffness, bending, and torsion of CNTs. They found that chiral CNTs exhibit asymmetrical
torsional behavior with respect to right or left twist, which was not present in armchair and zigzag nanotubes. They also reported no significant tensile modulus change due to chirality.
Yakobson et al. [36] also studied the effect of chirality on the mechanical properties of CNTs.
Here, the morphological behavior of CNTs was examined using molecular dynamic simulations
when CNTs were subjected to compression, tension, or bending. The authors found that chirality
had negligible influence on the elastic properties of CNTs and that high deformation of
nanotubes caused sudden changes in the morphological patterns. These changes were mainly
attributed to the Stone-Wales transformation which is a reversible configuration of atoms where
the lattice configuration is rearranged to form a structure of two heptagons and two pentagons, as
shown in Figure 7. In terms of electrical conductivity, CNTs can be either metallic or semiconducting depending on chirality [37]. Armchair CNTs as well as zig-zag nanotubes with
values of m, n related by multiples of three have been predicted to be metallic whereas all other
types have been termed semi-conducting.
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Figure 7. Top: Formation of Stone-Wales defect at T = 2000 K and
10% strain [38]. Bottom: Stone-Wales diatomic interchange in
nanotube hexagonal wall [39].
2.1.1.2

Synthesis of Carbon Nanotubes
Several techniques exist to manufacture carbon nanotubes: electric arc-discharge [29-31,

33, 40, 41], laser ablation [42-44], gas-phase catalytic growth [45], chemical vapor deposition
(CVD) [46-49], and electrochemical growth in condensed phase [50].
Arc-discharge and laser ablation techniques consist of the condensation of carbon atoms
after being evaporated from high-purity carbon electrodes under inert atmosphere (usually
helium). In the arc-discharge method, a direct-current is used to evaporate carbon from the solid
carbon sources, whereas in laser ablation, a laser aimed at the carbon sources vaporizes the
material. To date, both techniques are able to produce a high yield of CNTs. However, the
downside of these processes is the cost associated with manufacturing due to limited source of
carbon during the production process. In addition, formation of by-products, such as
12

encapsulated metal particles and amorphous carbon, and lack of control in the final dimensions
of the nanotubes are also concerns.
Gas-phase catalytic growth and chemical vapor deposition techniques are more promising
methods of producing low-defect cost-effective CNTs due to their capability of being scaled-up
and also the ability to control many parameters in the process. Both processes employ continuous
injection of a hydrocarbon gas in a reactor as source of carbon, thus, the cost of production is
substantially lower than in the previous two methods. In the gas-phase growth, CNT’s catalysts
are formed in-situ by decomposition of iron when heated in the presence of a flow of carbon
monoxide at 1–10 atm and 800°C –1,200°C. In CVD, the CNTs grow in the presence of a metal
catalyst (although Steiner et al. have recently reported the use of ceramic particles as catalyst
[51]) when carbon decomposes from gases of high carbon content at elevated temperatures —
typically between 700°C and 1,000°C.
Electrochemical growth is a new method to grow CNTs in liquid phase. In this process,
CNTs are formed when graphite electrolytes are immersed in LiCl under inert atmosphere and
DC electric field. When the current passes through the system, the carbon dissolves in the molten
salt, thus forming Li2Cl2. The carbon atoms then become isolated in an ordered hexagonal array
resulting in the formation of CNTs. The drawback from this process is the lack of controllability
due to the complexity of the chemical reactions.
2.1.2

Carbon Nanofibers
Early in the 1970s and 1980s, research efforts were focused on combining polyacronitrile

(PAN)- and pitch-based carbon fibers with polymers to manufacture advanced composites with
outstanding properties. Due to the their high-cost, research focused on developing methodologies
to manufacture vapor grown carbon fibers (VGCFs) ―from hydrocarbons― with similar
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properties than those of previous generations but at a lower cost [52]. Careful examination of
fibers manufactured following newly developed methods revealed that they had two types of
textures that resulted from two different growth processes: core regions with long and straight
carbon layers formed by catalytic effect, and external regions that consisted of deposited carbon
that occurred during the thickening process [27]. From these fibers, small “cementite crystals” of
about 10 nm were identified at the tip of the central tube of the fibers. Further studies of VGCF
production revealed that growing the predecessor of carbon filaments was very effective and that
nanometer sized filaments were being “grown” very efficiently inside the reactor. Afterwards,
these carbon filaments were being deposited onto some of the larger carbon filaments to make
the macroscopic thickened carbon fibers [53]. From these findings, researchers started
manipulating the processing techniques to continuously produce the more efficient submicronsized filaments, named vapor grown carbon nanofibers (VGCNFs) and later called simply carbon
nanofibers (CNFs). A review by Tibbetts et al. [54] and Lake et al. [55] discusses in depth the
main manufacturing and property aspects of VGCFs and VGCNFs.
2.1.2.1

Morphology and Properties of Carbon Nanofibers
Morphologically, pristine CNFs are comprised of two layers of different carbon

arrangements. The interior layer resembles a hollow tube surrounded by cone-shaped graphitic
sheets cup-stacked at ~25° with respect to the longitudinal axis; the outer layer is a turbostratic
layer of graphene sheets stacked surrounding the inner layer and aligned in the longitudinal
direction of the fiber [54]. Depending on the stacking arrangement of the graphene planes, CNFs
can have different configurations such as cup-stacked [56], bamboo-like [57], and parallel [58].
Miyagawa et al. [59] reported that the spacing between planes is 3.4 Å which corresponds to the
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spacing between the walls of MWCNTs. Transmission electron microscopy (TEM) images of a
CNF with one and two layers are provided in Figure 8 [54, 58].

Figure 8. Left: TEM showing the structure of a CNF with one layer (cylindrical hollow core at
center) [54]. Right: TEM showing structure of a CNF with cylindrical hollow and turbostratic
layer [58].
Although their mechanical properties are lower than carbon nanotubes, CNFs strength
and modulus is still high and have been experimentally determined to be 2.90 ± 1.4 GPa and 180
± 60 GPa, respectively [60]. CNF's electrical conductivity and density have been estimated to be
106 S/m and 1.95 g/cm3, respectively [61]. A summary of the mechanical, electrical, and physical
properties of CNFs, SWCNTs, and MWCNTs along with other materials of interest are
compared in Table 1.
2.1.2.2

Synthesis of Carbon Nanofibers
CNFs are nano-sized fibrils that are manufactured by chemical vapor deposition. This

process involves growing CNFs by feeding a flow of hydrocarbon ―natural gas, benzene,
ethylene, and acetylene among others― through a reactor maintained at 500°C to 1,500°C in the
presence of metal catalysts such as iron, nickel, cobalt or a metal alloy. To date, this process is
the most widely used for manufacturing CNFs due to its efficiency and high yield. Further
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treatment of CNFs includes graphitization of the exterior plane or recrystallization of nested
graphite planes. The former treatment yields CNFs with higher mechanical and electrical
properties due to alignment of the outer layer in the fiber direction while the latter treatment
results in lower physical properties due to the formation of discontinuous conical crystallites
[54]. Ideal heat treatment for CNFs was investigated and reported by Tibbetts et al. [62] who
found that the optimal performance for mechanical or electrical properties can be achieved by
treating the CNFs at 1,500°C and 1,300°C, respectively.
TABLE 1
MECHANICAL, ELECTRICAL, AND PHYSICAL PROPERTIES OF VARIOUS
MATERIALS

Material
CNF
MWCNT
SWCNT
Carbon Fiber
(PAN-Based
Precursor)
[64]
Aluminum
7075-T6 [64]
Steel
316
(cold drawn
and annealed)
[64]
2.2

Strength
[GPa]
2.90 ± 1.4
[60]
35-82
[32]
97-110
[32]

Young's
Modulus
[GPa]
180 ± 60
[60]
590-932
[32]
990-1,105
[32]

Electrical
Conductivity
[S/m]
106
[61]
106
[33]
104
[33]

Density
[g/cm3]
1.95
[61]
1.3-2.25
[63]
1.33-1.4
[63]

Specific
Strength
[MPa·m3/Kg]

4.65-6.35

285

6.66 x 104

1.78

2.61-3.57

0.572

71

1.91 x 107

2.80

0.204

0.620

193

1.5 x 106

8.00

0.075

1.49
15.5-63.08
69.29-82.71

Processing of Carbon Nanotubes and Carbon Nanofibers
Due to the their surface area and van der Waals forces, pristine CNTs and CNFs tend to

agglomerate and form bundles that are difficult to disrupt. In order to enhance the mechanical
properties of materials using CNTs/CNFs, these agglomerates must be broken apart so that
16

effective load transfer from the matrix to the nanomaterials can occur. To break these
agglomerates and improve dispersion of the CNTs/CNFs within the matrix (or other media),
several CNT/CNF treatments have been investigated by various researchers. These techniques
include chemical functionalization of the surface of the nanomaterials to increase the surface
energy [65, 66], ultrasonic dispersion [11, 67-69], surfactant treatment of nanoparticles [70],
high mechanical shear mixing [71-74], in-situ polymerization [75, 76], and various combinations
of these [77]. Of these methods, chemical functionalization has proven to be one of the most
promising ways to tailor the surface of nanoparticles to obtain proper dispersion and bonding
with different matrices. As a result, higher mechanical and electrical properties have been
achieved.
Several chemical functionalization strategies have been investigated to disperse
CNTs/CNFs in different media. These functionalization methods involve the introduction of
moieties on the walls of nanomaterials to obtain higher surface energy. In terms of dispersion,
this higher surface energy makes the functionalized CNTs/CNFs repel each other and exfoliate in
the medium. In regards to bonding, researchers have investigated the use of matrix compatible
functional groups to obtain higher load transfer between material phases [78-81]. To this end,
several functional groups have been grafted onto the CNTs/CNFs with varying levels of success
[8, 82]. The most commonly utilized functional groups are as follows: carboxylic acid [83, 84],
hydroxyl [85], amine [86], epoxy [87], and different types of polymers [88-90]. Lachman and
Wagner [78] proved that using MWCNTs functionalized with carboxylic acid and amine
functional groups to reinforce an epoxy resin system can increase the toughness of the
nanocomposite. They attributed these results to an increase in dispersion quality and in
interfacial adhesion. Seyhan et al. [91] studied the fracture toughness of an epoxy-based resin
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reinforced with carboxylic acid and polymer functionalized CNFs. Results showed that the
addition of both types of functionalized CNFs also increased the fracture toughness of the
nanocomposites. In a later study by Kathi et al. [92], nanocomposites with oxidized and silanized
MWCNTs were prepared by cast molding. Results from this work showed that the addition of
functionalized MWCNTs improved the flexural strength and modulus by adding MWCNTs up to
0.2wt.%. Prolongo et al. [12] studied the effects of adding amine-functionalized CNFs on the
dispersion of CNFs and final properties of epoxy nanocomposites. Results showed that the
nanocomposites containing well dispersed CNFs exhibited a higher storage modulus and no
porosity. The authors of this work concluded that to obtain well-dispersed CNFs in epoxy matrix,
chemical functionalization coupled with ultrasonic and high-shear mixing is needed. In a study
by Peng Cheng et al. [93], investigation into the effect of CNT silane functionalization on the
mechanical and thermal properties of epoxy-based nanocomposites was examined. Results from
this work concluded that nanocomposites with silane-CNTs exhibited higher flexural modulus
and strength along with better thermal stability. This was attributed to an improved interfacial
interaction between the functional group and the matrix system.
From the latter results, it is clear that treatment of the nanoparticles is an imperative step
towards the realization of higher properties of CNT/CNF-polymer systems. These conclusions
are crucial to the study of processing techniques in other hierarchical structures such as
multiscale-reinforced composites, which is the subject of this dissertation.
2.3

Manufacturing Methodologies of Multiscale-Reinforced Polymer Composites
Multiscale-reinforced polymer composites (MRPCs) are defined as structures having

material reinforcement on at least two different scales. In this dissertation: nano-scale and microscale. Several researchers have worked on the development of processes that allow incorporation
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of CNTs/CNFs (nano-scale reinforcement) into advanced polymer composites (micro-scale
reinforcement) to enhance the properties of such materials with different levels of success. To
date, four main approaches exists to incorporate CNTs/CNFs into advanced polymer composites:
(1) infusion of a CNT/CNF mixture into the preform, (2) growth of CNTs/CNFs onto different
substrates through chemical vapor deposition, (3) direct placement of CNTs/CNFs between
layers of the preform, and (4) deposition of carbon nanoparticles onto fabric layers. These
methodologies are discussed in detail in the following subsections.
2.3.1

Infusion of CNT/CNF Mixture into Preform
In preform infusion, CNTs/CNFs are initially dispersed in the resin to form a CNT/CNF

resin mixture. This mixture is then infused into the preform by liquid injection molding and
subsequently cured to manufacture the final MRPC part. This method is the most widely used in
manufacturing MRPCs because of its practicality and scalability. In addition, the carbon
nanomaterials used can be functionalized with the desired moiety to be more compatible with the
resin system.
Qiu et al. [4] manufactured MRPCs by infusing a mixture of MWCNTs and polymer
resin into a glass-fiber preform via vacuum-assisted resin transfer molding (VARTM). The
mixture was prepared by sonicating the MWCNTs in the curing agent and then in an epoxybased matrix. Mechanical test results showed a moderate increase of 5% and 8% for shear
strength and short-beam shear (SBS) modulus, respectively, without compromising the in-plane
properties. Sadeghian et al. [6] prepared MRPCs by infusing mixtures of surfactant-aided
dispersed CNFs in polyester resin into a glass preform. Results showed an increase in the energy
for delamination (GIC) initiation of ~100% when 1wt.% of CNFs was dispersed in the resin.
Although significant improvement was obtained in the MRPC, the authors pointed out
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difficulties in manufacturing the MRPCs due to an increase in viscosity of the resin ―due to
CNF loading― and void formation. Morales et al. [94] prepared glass-reinforced plastic
composites with non-functionalized CNF-loaded polyester resin by light resin transfer molding.
Results showed an increase in flexural and tensile strengths with an addition of 0.5wt.%.
The limitations of this approach are that dispersion and filtration issues are not usually
resolved, especially at CNT/CNF loadings higher than 1wt.%. In addition, an excessive increase
in the viscosity of CNT-/CNF-resin mixture and also void formation pose major manufacturing
difficulties [95].
2.3.2

Growth of CNTs/CNFs on Fibers by Chemical Vapor Deposition
In this method, chemical vapor deposition is used to grow CNTs and CNFs directly on

the surface of micro-scale fiber reinforcement. This multiscale structure is then used to assemble
the preform that is later injected by the polymer resin. The methodology has several advantages,
the most important of which are the ability to control the uniformity and alignment of
nanoparticles.
Previous researchers have achieved the growth of CNTs in alumina blocks [96], woven
alumina cloth [97], silica fibers [98], quartz fibers [99], single carbon fibers [100-105], and
carbon fiber layers [106, 107]. In addition, growth of CNFs in single carbon fibers [108] and
activated carbon fiber layers [109] has also been reported. Qian et al. [103] performed fiber pullout tests after growing CNTs on a carbon fiber surface. Results showed that interfacial shear
strength between the hybrid CNT-carbon fibers and the matrix increased by ~57%. Thostenson et
al. [100] reported that the interfacial load transfer between matrix and fiber increased by 15%
when using carbon fibers with MWCNTs grown on their surface. Sager et al. [101] reported that
carbon fibers with CNT grown on their surface had up to 71% increase in interfacial shear
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strength over untreated unsized fibers. Although higher fiber/matrix interfacial properties were
attained, authors of the latter studies reported that growth of CNTs on carbon fibers could
decrease the tensile strength of the fiber by up to 37%. Properties of MRPCs manufactured with
CNT-grafted carbon fiber layers was investigated by Kepple et al. [106] and Mathur et al. [110].
The authors of the former study reported that fracture toughness of the MRPCs had an increase
of approximately 50% when tested under Mode I, while the authors of the latter study reported
an increase in flexural strength and modulus for MRPCs with carbon fiber cloth and carbon fiber
felt.
Less research has been devoted to the growth of CNFs on any type of fiber. Growth of
CNFs on the surface of carbon fibers and glass fibers was reported by Duan et al. [108]; although
no properties of MRPCs were reported, it was found that CNFs could be successful grown by
CVD and that the morphology of the CNFs could be controlled by the feedstock gas (ethanol)
pretreatment.
Results from the aforementioned research are promising in terms of dispersion, controlled
growth of the nanoparticles, and final properties of the MRPCs. However, the method’s lack of
practicality due to the limitations in growing CNTs/CNFs in large size and within complicated
layers in the presence of catalysts limits its application. In addition, difficulties arise when
functionalizing CNTs/CNFs grown in fibers with functional groups that are compatible with the
matrix system. Furthermore, degradation of the fibers due to the extreme conditions required by
CVD to grow nanoparticles is also of concern [101].
2.3.3

Direct Placement of CNTs/CNFs between Layers of Preform
Due to the difficulties associated with manufacturing MRPCs following the

aforementioned two methodologies, researchers have investigated direct placement of the
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nanomaterials on the preform. In this process, CNTs/CNFs are placed between the layers of the
preform before consolidating the part and curing the polymer resin. In this way, the challenges of
dispersing the particles in the matrix and impregnating the preform with the nanomaterial can be
better addressed and, in some cases, alignment of the nanoparticles inside the part can be
controlled.
Several researchers have used this technique to manufacture MRPCs yielding interesting
results [111, 112]. Garcia et al. [113] added aligned CNT arrays, referred to as CNT forests by
the authors, directly between the layers of the preform after growing the CNTs on Si substrate
using chemical vapor deposition. Results from this work showed that the fracture toughness of
MRPCs increased 1.5 to 2.5 times in Mode I delamination, and 3 times in Mode II testing. In a
similar approach by Wicks et al. [114], it was found that the interlaminar fracture toughness of
MRPCs could be increased by using radially-aligned CNTs between the layers of the composite,
leading to a modest increase in tension-bearing stiffness and strength. In a study by Rojas et al.
[115], CNTs and CNFs were sprayed onto the carbon fiber layers before assembly of the preform
and infusion of the matrix. The authors concluded that even though a significant increase in
interlaminar shear strength was not attained, the change in mode of failure from delamination to
tensile fracture was evidence of reinforcement in the sample's mid-plane. The drawback from
this approach is the impracticality due to size limitations in growing CNT in Si substrate. In a
study by Li et al. [116], a similar approach was followed to manufacture MRPCs, where the
powder of CNFs was manually introduced at the mid-plane of the composite. Results showed a
modest improvement in the mode-I delamination and bending strength and modulus of the
samples. The downside to this approach was the increase in thickness caused by the additional
layer of CNFs. Warrier et al. [24] studied the effect of adding CNTs to the sizing of glass fibers,
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the matrix, or both on the properties of MRPCs. Results showed a reduction of ~31% in the
coefficient of thermal expansion and an increase in the resistance to crack initiation of ~10%,
although the crack propagation toughness decreased by 53%.
2.3.4

Deposition of Carbon Nanoparticles onto Fabric Layers
Deposition of functionalized CNTs/CNFs onto fabric layers show the highest advantages

in terms of practicality, scalability, and cost-effectiveness. In this process, the particles are
initially charged by attaching the desired functional group to the wall of the nanomaterial. Then
the CNTs/CNFs are dispersed in a liquid medium, and upon application of an electric field, the
particles move and deposit onto a conductive substrate.
Electrophoretic deposition (EPD) has proven to be an effective technique for
manipulating and depositing large amounts of nanosized particles on different substrates [117122]. Cho et al. [121] and Du et al. [120, 123] used this process to fabricate form coatings of
functionalized CNTs. The authors of the former research reported that they were able to
accurately control the thickness and also manufacture coatings with uniform homogeneity,
showing that EPD is a convenient method to produce uniform coatings. The authors of the latter
research reported that the microstructure of the nanotube films of CNT was strictly dependent of
the solvent used. Yu Jun et al. [124] successfully deposited CNFs on the surface of indium tin
oxide electrodes using dimethylformamide (DMF) as dispersive medium. They concluded that
the density of the deposition of CNF was greatly influenced by the electric field and
concentration of CNFs. Schausten et al. [125] also used EPD to deposit bioglass and MWCNTs
on stainless steel substrates to fabricate bioactive nanostructured composite layers. In this
research, the EPD parameters such as voltage and time were varied to obtain the optimal
experimental parameters. The authors reported that co-deposition of the particles resulted in
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homogeneous and dense coatings, which highlights the usefulness of this process. Another
interesting study of MWCNTs was performed by Wu et al. [126]. Here, MWCNT/polyimide
composite films were manufactured by deposition of MWCNT-polyamic acid colloidal
suspension. Under the electric field, both charged particles migrated to the anode simultaneously
and were converted to MWCNT/polyimide composite films. The authors also reported the ability
to control the thickness of the film by varying the deposition time and anode conductivity. The
underlying result of the research is that EPD represented a convenient approach to fabricate
composite films with tailored thickness and electrical conductivity.
Recently, Zhang et al. [127] deposited functionalized MWCNTs onto electrically
insulating glass fiber through electrophoretic deposition. Results showed that the interfacial shear
strength increased significantly compared to that of conventional glass fiber composite. In
addition, the semi-conductive glass/MWCNT interphase electrical conductivity was extremely
sensitive to the tensile strain of single-glass fiber model composites, thus making this system a
viable structure for monitoring damage in MRPCs via resistance. Theodore et al. [128] also
deposited functionalized MWCNTs dissolved in DMF onto carbon fiber layers with the aim of
improving fiber thermal conductivity. Results showed that MWCNT/carbon fiber structures
exhibit an increase of one fold in the nanocomposite thermal conductivity. Bekyarova et al. [129]
utilized EPD to deposit carboxylic acid-functionalized CNTs onto the surface of carbon fiber
layers that were then used to manufacture MRPCs. Results indicated an increase in interlaminar
shear strength of ~27% and through-plane electrical conductivity of ~30%. An important
conclusion from this work is that EPD of carboxylated CNT onto the surface of carbon fiber
layers did not negatively affect the in-plane tensile strength of the MRPCs. As previously
mentioned, other methods for fabric reinforcement, such as in-situ growth of CNTs on the
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surface of carbon fibers by thermal chemical vapor deposition, have been shown to reduce the
tensile strength of carbon fibers, which is detrimental to the in-plane mechanical properties of
MRPCs [101]. The authors of this work reported the deposition of only carboxylated CNT on the
reinforced composite, but no other particles with alternate functional groups were studied.
2.4

Summary
In this chapter, the morphology, properties, and synthesis of CNTs and CNFs have been

reviewed. Special emphasis was placed on the mechanical and electrical properties of these
materials due to the promise they hold as reinforcing particles for enhancing the macro-scale
properties of MRPCs. In addition, processing requirements to effectively incorporate CNTs and
CNFs into polymer based matrices have been addressed and discussed.
Current techniques for manufacturing MRPCs have been introduced and reviewed in this
chapter. Several researchers have worked on the development of processes that allow
incorporation of CNTs/CNFs into conventional advanced polymer composites to enhance the
properties of such materials with different levels of success. To date, four different approaches to
incorporate CNTs/CNFs into advanced polymer composites exist: (1) infusion of CNT/CNF
mixture into the preform, (2) growth of CNTs/CNFs on different substrates through chemical
vapor deposition, (3) direct placement of CNTs/CNFs between the layers of the preform, and (4)
deposition of carbon nanoparticles onto fabric layers.
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CHAPTER 3
SYNTHESIS OF MULTISCALE-REINFORCEMENT FABRICS BY
ELECTROPHORETIC DEPOSITION OF FUNCTIONALIZED CARBON
NANOMATERIALS ONTO CARBON FIBER LAYERS

3.1

Introduction
Due to their unique combination of properties, MWCNTs/CNFs are regarded as ideal

materials to enhance the properties of advanced composite parts. However, challenges arise
when traditional MRPC manufacturing techniques are followed to produce MWCNT-/CNFreinforced composites: (1) dispersion of MWCNTs/CNFs into the matrix system, (2) uniform
impregnation of the preform by MWCNTs/CNFs, and (3) bonding and compatibility between the
MWCNTs/CNFs, matrix, and micro-sized reinforcement fibers (i.e., carbon fibers, glass fibers,
etc.).
This chapter describes a process to synthesize multiscale-reinforcement fabrics (MRF) by
directly depositing functionalized MWCNTs/CNFs onto the surface of carbon fiber layers
through electrophoretic deposition (EPD) using water as dispersive medium. This process aims
at placing the CNFs/CNTs directly on the dry carbon fiber plies prior to infusion of the matrix
system to enhance dispersion of MWCNTs/CNFs in the resin and avoid filtration of the
MWCNTs/CNFs by the preform. In addition, to address the bonding and compatibility issue,
functionalized MWCNTs/CNFs having functional groups compatible with the polymer matrix
system were used as the reinforcing particles.
EPD is a process in which charged particles suspended in a liquid medium move and
deposit onto the counter electrode upon application of a DC electric field. EPD is a cost-effective
and scalable technique that has proven to be an effective method for manipulating and depositing
large amounts of nano-sized particles on different substrates with complex shapes [117-119, 122,
26

123]. EPD has been used to deposit CNTs and CNFs onto various substrates with the purpose of
making thin film electrodes [130], composite sheets [120], coatings [121, 124, 125, 131], hybrid
fabrics [127-129], and field emission arrays [132-134].
A schematic of the process for depositing MWCNTs/CNFs onto the surface of dry carbon
fiber layers for synthesis of the MRFs using EPD is shown in Figure 9 (although this schematic
is for functionalized CNFs, the same process applies for MWCNTs). In order to deposit the
MWCNT/CNF, the as-received nanoparticles were functionalized to introduce charges on them
and make them more compatible with the resin system. Then, EPD was employed to deposit the
charged particles onto the surface of the carbon fiber layers to synthesize the MRFs. These
MRFs were used to manufacture MRPCs which will be described and shown in Chapter 4.
As-Received CNF
(AR-CNF)

FunctionalizedCNF
(F-CNF)
As-Received Carbon Fiber Layer
Functionalization
of CNF

Electrophoretic deposition of F-CNF

Multiscale
Layer

CNF-Carbon Fiber Layer

Figure 9. Schematic of manufacturing process of multiscale-reinforcement fabric.
Due to the fact that pristine CNTs/CNFs have low surface charge, the nanoparticles were
initially modified by functionalizing the walls with organic groups; this modification allowed for
the disruption of the CNFs/CNTs bundles by repulsion forces exerted by the functional groups
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and also forced the CNFs/CNTs to travel towards a counter electrode when an electric field was
applied.
In this study, two types of functional groups were grafted onto the surface of MWCNTs
and CNFs in order to be used to synthesize the MRFs: carboxylic acid and amine. Previous
research has shown that CNTs with carboxyl groups can exert enough repulsion energy (zeta
potential les than -30mV) to appropriately disperse in water provided that the pH range is
between 2 and 10 [135]. This means that, depending on the amount of COOH grafted onto the
surface of the CNFs/CNTs, the carboxylated carbon nanoparticles will also have sufficient
surface charge to travel towards a positive counter electrode upon application of a DC electric
field.
Synthesis of MRFs with carboxylated MWCNTs/CNFs will produce layers in which the
nanomaterials can impregnate the fabric. However, carboxylated MWCNTs/CNFs do not
provide strong interaction among the nanomaterial, the epoxy-amine polymer matrix system, and
the sizing of the carbon fiber. Since bonding is an issue when reinforcing polymer composites
using MWCNTs/CNFs, a higher level of reinforcement can be achieved if a functional group
compatible with the resin system is used. This can be accomplished by grafting organic groups to
the CNTs/CNFs that can have high interaction with the matrix system. For this reason, amine
functional group was chosen. A schematic of the functionalization of MWCNTs and CNFs with
carboxylic acid and amine functional groups is shown in Figure 10.
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Carbon Nanofiber

Multi-Walled Carbon Nanotube

MWNT-COOH

CNF-COOH

CNF-NH2

MWNT-NH2

Figure 10. Schematic of functionalization method for multi-walled carbon nanotubes and carbon
nanofibers.
In summary, an electrophoretic process to deposit carboxylic acid-functionalized as well
as amine-functionalized MWCNTs and CNFs onto the surface of carbon fiber layers using water
as the dispersive medium is described and studied. This methodology was used to synthesize
MRFs that promote uniform distribution of the nanomaterials on the surface of carbon fiber
layers and deposition in hard-to-reach areas such as intra-tow regions. This configuration gives
the multiscale layers the potential to enhance the mechanical properties of advanced composites
by means of fiber bridging when the hybrid layers are used to manufacture parts. Furthermore,
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since water is a more abundant, cost-effective, and environmentally friendly solvent than organic
solvents, the process can be scaled-up to fabricate larger parts.
3.2

Experimental Section

3.2.1

Materials
MWCNTs manufactured by chemical vapor deposition were used in this study. They had

a diameter of 20–30 nm, length of 10–30 µm, purity of more than 95 wt.%, ash content less than
1.5 wt.%, and electrical conductivity of 10-2 S/cm, as provided by the vendor (Cheaptubes Inc.).
A TEM image of the as-received MWCNTs is shown in Figure 11 [136].

Figure 11. TEM image of as-received MWCNTs [136].
The CNFs used in this study were Pyrograf PR 24-XT-PS (Applied Sciences Inc.) with
an average diameter and length in the range of 60–150 nm and 30–100 µm, respectively. The
average of the specific surface area of the CNFs is 42 m2/g, with moisture and iron contents of
less than 5% and 14,000 ppm, respectively, as provided by the vendor. SEM images of the asreceived CNFs are shown in Figure 12.
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Figure 12. SEM images of as-received CNFs.
Aerospace grade plain woven carbon fiber layers with an epoxy-based sizing were used
in this work as the deposition target for MWCNTs/CNFs. These layers were comprised of PANbased IM7 6K carbon fibers with a nominal diameter of 5.2 µm, density of 1.78 g/cm3, and
tensile strength and modulus of 5.48 GPa and 276 GPa, respectively, also as provided by the
vendor. Figure 13 shows optical and SEM images of as-received carbon fiber layers and an
individual fiber, respectively. All other chemicals used in this study were obtained from Fisher
Scientific and used as-received.

Figure 13. Left: Optical image of as-received carbon fiber layer. Right: SEM image of asreceived carbon fiber.
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3.2.2

Functionalization of Carbon Nanomaterials
For this study, it was desired that the MWCNTs and CNFs were functionalized to the

extent of having charges with the following characteristics: (i) could overcome the attractive van
der Waals forces and allow them to form a stable solution in aqueous medium, (ii) could allow
the MWCNTs/CNFs to move upon application of a DC electric field when dispersed in water,
and (iii) did not modify significantly the structure of the nano-scale materials so that they would
be able to attain higher properties. Previous research has reported that acid functionalization
shortens the length of MWCNTs [137, 138]. Therefore, the methodology required a balance
between refluxing time and temperature to achieve the incorporation of moieties with minimum
structural damage to the particles.
3.2.2.1

Multi-Walled Carbon Nanotubes
The methodology to functionalize MWCNTs with carboxylic acid groups consisted of

three major steps: (i) purification [139], (ii) air oxidation [22, 139], and (iii) acid oxidation [140].
For the first step, 2 g of MWCNTs were initially mixed with 400 ml of nitric acid (67%–70%) by
sonication (150W for 30 min). After sonication, the mixture was refluxed (120.5°C for 120 min),
cooled to room temperature, diluted with 1,500 ml of ultrapure water, filtered (with millipore 0.1
µm pore size filter), and washed with ultrapure water until the filtrate was neutral. Then, the
MWCNTs were vacuum-dried overnight (100°C) and placed in a desiccator until further use. For
the second step, air oxidation, the MWCNTs obtained from the first step were heated to 550°C in
air (30 min) to oxidize the nanotubes and eliminate the carbonaceous impurities [22]. After
heating, the MWCNTs were allowed to cool to room temperature. For the third step, the
MWCNTs obtained from the previous step were mixed with a 3:1 v/v mixture of sulfuric acid
(F.W. 98.08) and nitric acid (F.W. 63.012) via sonication (20 min at 105W) and subsequently
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refluxed (60°C for 240 min). After refluxing, the mixture was allowed to cool to room
temperature, and then filtered and washed until the pH of the filtrate was neutral. The oxidized
MWCNTs, herein referred to as O-MWCNTs, were dried in a vacuum oven (60°C) overnight
and place in a desiccator until further processing.
Amine group functionalization of MWCNTs was achieved through a two-step process:
acylation and amidation. For the acylation step, 5 g of O-MWCNT were mixed with 80 ml of
thionyl chloride (SOCl2) and 4 ml of dimethylformamide (DMF) by water bath sonication (80W
for 20 min). The mixture was then heated to 65°C for 24 hours to achieve substitution of the
hydroxyl group of the carboxylic acid with one of the chlorine atoms of the SOCl2. After
substitution, the liquid was distilled, and the remaining MWCNTs were immediately mixed with
100 ml of ethylenediamine and 5 ml of DMF followed by heating and stirring (100°C for 48
hours). The mixture was allowed to cool to room temperature, diluted in ultrapure water, filtered
(millipore 0.1 µm pore size), and vacuum-dried overnight (60°C). After drying, the aminefunctionalized MWCNTs, herein referred to as A-MWCNTs, were placed in a desiccator until
further use. In this study, ethylenediamine was used so that the A-MWCNT could be more
soluble in water. Amine-containing molecules with higher carbon contents have a lower
solubility in water. The overall functionalization scheme for multi-walled carbon nanotubes is
shown in Figure 14.
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Figure 14. Functionalization scheme for multi-walled carbon nanotubes.
3.2.2.2

Carbon Nanofibers
CNF functionalization with carboxylic acid groups consisted of one major step: acid

oxidation. For this purpose, 2.5 g of as-received CNFs (AR-CNFs) were initially mixed with 500
ml of nitric acid (67%–70%) by sonication in a water bath (150W for 20 min) and refluxed
(120.5°C for 240 min) in an oil bath. After refluxing, the mixture was carefully diluted in 1,500
ml of ultrapure water, filtered (millipore 0.45 µm pore size filter), and washed until the filtrate
was neutral. The oxidized CNFs, herein referred to as O-CNFs, were collected, vacuum-dried
overnight (100°C), and placed in a desiccator until further use.
Amidation of CNFs was achieved following the same process as for MWCNTs. In this
document, the amidized CNFs will be referred to as A-CNFs. The functionalization scheme for
carbon nanofibers is shown in Figure 15.
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Figure 15. Functionalization scheme for carbon nanofibers.
3.2.3

Electrophoretic Deposition of Functionalized Carbon Nanotubes and Carbon
Nanofibers onto Carbon Fiber Layers

3.2.3.1

Experimental Setup
In a typical EPD process, charged particles are mixed with a solvent and poured into an

electrophoresis tank. An electric field is then applied between two counter electrodes, and
depending on the surface charge of the particle, the particles travel towards the cathode or the
anode and are deposited on its surface. For the purpose of synthesizing MRFs as intended herein,
the typical EPD setup had to be modified. A schematic of the EPD deposition setup is shown in
Figure 16. The most important feature of the EPD setup design is that it had to be able to
accommodate a carbon fiber layer in the middle of the tank so that deposition of the
functionalized MWCNTs/CNFs would take place onto both sides of the layer. Another important
feature of the design is that the field generated by the power supply had to be perpendicular and
uniform throughout the carbon fiber layer in order to guarantee constant processing parameters.
To make the EPD experimental setup, an electroblotting system was modified to fit the
design requirements. The final configuration of the setup consisted of seven parts: (1) DC power
supply, (2) electrophoretic tank (3,800 ml), (3) tank cover with wire leads, (4) cables, (5) counter
electrodes, (6) metal frames, and (7) carbon fiber layer. These parts are depicted in Figure 17.
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Figure 16. Schematic of designed electrophoretic deposition setup.
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Figure 17. Experimental setup for electrophoretic deposition.
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3.2.3.2

Electrophoretic Deposition Process

3.2.3.2.1 EPD of Carboxylic Acid-Functionalized MWCNTs/CNFs
For deposition of O-MWCNTs/O-CNFs, 190 mg of the nanoparticles were initially
dispersed in 100 ml of water via sonication (150W for 10 min). After sonication, the mixture was
transferred to the electrophoretic tank and mixed by mechanical stirring with 3,700 ml of water
already contained in the tank. This amount of nanomaterials in the water resulted in a
MWCNT/CNF concentration of 0.05 mg/ml. At this point, the pH and electrical conductivity of
the solution was measured to assure proper conditions for the EPD process (i.e., low electrical
conductivity of the solution and high electrophoretic mobility of the particles [141]). Then, a 25
x 17 cm2 epoxy-sized carbon fiber layer was clamped between two metal frames and inserted in
the middle of the tank halfway between the metal counter electrodes, as depicted in Figure 16.
After securing the tank cover of the EPD tank and connecting all cables to the electrodes and
power supply, a 30V electric potential was applied for 30 minutes between the metal counter
electrodes (negative) and the frame connected to the carbon fiber layer (positive). Separation
between the counter electrodes and the carbon fiber layer was 4.5 cm. This combination of
deposition time and electric field were chosen since a higher electric field and longer deposition
time lead to stiffening of the carbon fiber layer. After 30 minutes of deposition, the electric field
was stopped and the carbon fiber layers and metal frames were removed from the tank and dried
in vacuum (60°C for 30 min).
3.2.3.2.2 EPD of Amine-Functionalized MWCNTs/CNFs
For EPD of the A-MWCNT/A-CNF, a similar process to that of O-MWCNT/O-CNF was
followed. For this deposition process, 190 mg of A-MWCNT/A-CNF were mixed via sonication
with 100 ml of ultrapure water (150W for 20 min). Then, the mixture was added to the

37

electrophoretic deposition tank containing 3,700 ml of ultrapure water and mixed by mechanical
stirring. At this point, the pH and the electrical conductivity of the solution were measured. The
carbon fiber layer was then clamped between the metal frames and inserted in the middle of the
tank halfway between the metal counter electrodes. The EPD tank was covered, and all cables
were connected to the power supply and the electrodes of the system. In the first stage of this
deposition process, a 30V DC electric potential was applied by connecting the positive pole to
the carbon fiber layer and the negative pole to the metal counter electrodes. This electric field
was kept for 40 minutes. In the second stage, the polarity of the DC electric field was inverted
and the same potential was applied for another 40 minutes so that the A-MWCNT/A-CNF would
travel towards the carbon fiber layer. Once the second stage was completed, the resulting MRF
was removed from the EPD tank and vacuum-dried (45°C for 30 min).
3.2.4

Characterization Methods

3.2.4.1

Nanomaterial Characterization
Characterization of MWCNTs and CNFs was performed using the following methods:

Fourier-transform infrared spectrometry (FTIR), thermo-gravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS), and laser Doppler velocimetry.
FTIR spectra were obtained using an attenuated total reflection (ATR) accessory. Typical
samples used for FTIR characterization consisted of approximately 5 mg of nanomaterial which
were compressed between the ATR tower and a Germanium crystal to obtain the spectra. IR
spectra were collected from 400 cm-1 to 3,600 cm-1.
Further characterization of functionalized MWCNTs/CNFs was performed through TGA.
To prepare the samples, approximately 3.5 mg of MWCNTs/CNFs were weighed and placed
inside a high-temperature platinum pan and then inserted into the TGA instrument furnace. Tests
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were carried out in nitrogen atmosphere from 25°C to 600°C following a temperature ramp rate
of 10°C/min.
XPS was also used to characterize the surface of functionalized-MWCNTs/CNFs.
Samples were measured at a 90 degree take-off-angle, which yields a sample depth of ~10 nm.
The analysis area was ~500 µm in diameter. Studies were performed with a monochromatic Al k·
x-ray source powered at 15 kV and 15 mA. Charge neutralization of the sample surface was
achieved with the use of a low-energy electron flood gun. Energy scales of the spectra were
referenced to the C 1s C-C/C-H signal at 284.5 eV. High-energy resolution (hi-res) XPS analyses
of the C 1s , N 1s, and O 1s regions were also performed on the samples. XPS hi-res analysis
provides information on the bonding state of the element in question. In order to obtain
information about the species, the hi-res data curve was fitted as follows. The background was an
integrated Shirley with the pass energy for the hi-res data acquisition of 40 eV (as compared to
160 eV for the survey data). The line shape used for the fitting was a convolution of 30%
Lorentzian with Gaussian (Voigt-type convolution), and a Marquardt-Levenberg least-squares
algorithm was used to determine the best fit of the peaks placed under the curve given the
constraints imposed. Line widths used were in the range of 0.85 eV to 1.5 eV.
O-MWCNTs/O-CNFs and A-MWCNTs/A-CNFs were also characterized using laser
Doppler velocimetry coupled with phase analysis to obtain electrophoretic mobility (EM) values.
The purpose of measuring EM is to determine the charge and speed of the nanoparticles in an
aqueous medium when subjected to a DC electric field. Higher EM will result in faster
deposition time, which in turn shortens the processing time. It also gives a comparative
measurement of the surface charge of all different types of particles used in this study. For
sample preparation, 5 mg of the nanoparticles were mixed with 100 ml of ultrapure water via
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water bath sonication (150W for 10 min). After sonication, the samples were injected into a
capillary cell and at least 10 EM measurements were made for each sample. Electrophoretic
mobility of the nanoparticles was measured from pH 2 to 10 to capture the effect of ionization of
functional groups grafted on the wall of the MWCNTs/CNFs on the speed of the particles. The
pH of the aqueous samples was adjusted to the desired values using 6N NaOH or 6N HCl
solutions. Note that for this study, the salt concentration was kept to a minimum to avoid high
ionic electrical conductivity in the system, which is a prerequisite for effective EPD of particles
[141]. The average values and the standard deviation for the EM values was computed and
reported as a function of pH.
3.2.4.2

Multiscale-Reinforcement Fabric

3.2.4.2.1 Qualitative Dispersion
Dispersion of the functionalized MWCNTs/CNFs on the surface of the carbon fiber
layers was qualitatively characterized through SEM and optical microscopy (OM). SEM was
used for characterization of as-received carbon fiber layers and MRFs containing both MWCNTs
and CNFs, while OM was only utilized to characterize as-received and CNF-deposited MRFs.
3.2.4.2.2 Quantitative Characterization of Deposition through Light Absorption
One of the most important parameters in EPD of MWCNTs/CNFs on any type of surface
is to quantify the amount of material deposited after the process has been completed. Since
scanning electron and optical microscopy can only be used to qualitatively characterize the
deposition of MWNT/CNF, another method that can quantitatively estimate the deposition must
be employed. From experiments performed in the laboratory, it was observed that light
transmission through the dispersive medium changed as a function of time during the EPD
process. At the beginning of the process, just after mixing the MWCNTs/CNFs with the
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ultrapure water, the aqueous solution in the electrophoretic tank was extremely dark and opaque.
Conversely, after the EPD process ended, the aqueous solution became more translucent, and
light could clearly pass through the solution. Based on this observation, it was envisioned that by
measuring the amount of light through the aqueous samples, the concentration of the
nanoparticles in the aqueous media could be estimated. For this task, using light transmission,
the deposition of functionalized MWCNTs/CNFs was estimated by determining the
concentration of the nanoparticles in the aqueous solution in the electrophoresis tank before and
after EPD. By subtracting the final concentration of MWCNT/CNF in the aqueous solution from
the initial known concentration and multiplying it by the volume of water, the amount of
nanomaterial on the surface of the carbon fiber layer could be estimated. Equation 1 shows this
relation as,
p f = (ci − c f )Vt

(1)

where pf represents the amount of nanomaterial deposited on the surface of the carbon fiber
layer, ci and cf are the initial and final concentrations of MWCNTs/CNFs in the tank, and Vf is
the volume of the water contained in the electrophoresis tank.
For determining the initial and final concentrations of MWCNTs/CNFs, the following
procedure was employed. First, the absorbance spectra of different known concentrations of
MWCNTs/CNFs in aqueous media were obtained using an ultraviolet-visible spectrometry
instrument. Then, using the data obtained, a linear correlation between the absorbance and the
known MWCNT/CNF concentrations was determined for three different wavelengths: 400 nm,
500 nm, and 600 nm. From these three calibration curves, the curve with the best linear fit (as
determined by the R2 values) was selected as the reference curve. To obtain the concentration of
MWCNTs/CNFs in the aqueous medium after EPD, the absorbance of a sample taken from the
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tank was determined in the same manner as for the absorbance values of the calibration curve.
Then, the equation obtained using the linear regression fit was used to estimate the concentration
of MWCNTs/CNFs in aqueous medium after EPD. With this concentration value and using
equation 1, the amount of nanomaterial deposited on the surface of the carbon fiber layer was
estimated.
3.3

Results and Discussion

3.3.1

Characterization of Functionalized Carbon Nanotubes and Carbon Nanofibers

3.3.1.1

Fourier-Transform Infrared Spectrometry
In order to confirm functionalization of the MWCNTs with carboxylic acid and amine

functional groups, IR spectra for as-received MWCNTs (AR-MWCNTs), oxidized-MWCNTs
(O-MWCNTs), and amidized-MWCNTs (A-MWCNTs) were obtained (Figure 18). Spectrum (a)
of Figure 18, AR-MWCNT, shows a featureless plot characteristic of MWCNT with no organic
groups grafted on its surface. Conversely, plots (b) and (c) corresponding to O-MWCNTs and AMWCNTs, respectively, show peaks that confirm carboxylic acid and amine functionalization of
the nanoparticles, respectively. Carboxylic acid functionalization is confirmed by the presence of
peaks at ~1,738 cm-1, ~1,216 cm-1, and ~3,000 cm-1, corresponding to the vibration frequencies
of C=O, C-O, and O-H bonded to the COOH group, respectively [142, 143]. Spectrum (c),
corresponding to A-MWCNT, confirms the presence of amine with a peak at ~3,294 cm-1
assigned to the presence of N-H of the amine group, and a shift in the peak of the C=O of the
carboxylic acid to ~1,649 cm-1, which confirms the presence of the carbonyl group of the amide
linkage [144]. The reduction of the intensity of the peak at ~1,216 cm-1 going from O-MWCNT
to A-MWNCT is attributed to the substitution of the C-O bond with the C-N bond of the amide
group [145].
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Figure 18. FTIR spectra of (a) as-received (AR-MWCNT), (b) oxidized- (O-MWCNT), and (c)
amidized- (A-MWCNT) multi-walled carbon nanotubes.
FTIR spectra of AR-CNFs, O-CNFs, and A-CNFs were also obtained to assure CNF
functionalization (see Figure 19). As for the case of AR-MWCNTs, the AR-CNFs spectrum
shows no peaks, which is also characteristic of this type of pristine nanoparticle. In contrast,
spectrum (b) confirms the presence of carboxylic acid groups on the surface of CNFs with peaks
at ~1,738 cm-1, ~1,216 cm-1, and ~3,000 cm-1, corresponding to the vibration frequencies of
C=O, C-O, and O-H of the COOH, respectively. Spectrum (c) verifies the presence of amine
functional groups on the surface of CNF by showing a peak centered at ~3,257 cm-1 assigned to
the presence of amine. The peak at 1,659 cm-1 suggests the presence of the carbonyl group of the
amide linkage that appears as a result of a shift from the peak at 1,738 cm-1 (carbonyl group of
the carboxylic acid) after substitution of the hydroxyl group by the amine group. In addition, the
reduction of the peak at 1,216 cm-1 suggests the substitution of the C-O bond of the carboxylic
acid by the C-N bond of the amide linkage.
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Figure 19. FTIR spectra of (a) as-received (AR-CNF), (b) oxidized- (O-CNF), and (c) amidized(A-CNF) carbon nanofibers.
3.3.1.2

Thermo-Gravimetric Analysis
Confirmation of functionalization of MWCNTs and CNFs with carboxylic acid and

amine functional groups can also be inferred from TGA analyses. This analysis shows that ARMWCNT and AR-CNF had a negligible weight loss from room temperature to 600°C, which is
characteristic of untreated carbon nanoparticles. On the contrary, O-MWCNTs/O-CNFs and AMWCNTs/CNFs showed a significant decrease in weight for the same temperature range. These
plots can be seen in Figure 20 for MWCNTs and Figure 21 for CNFs. The initial weight loss
between room temperature to ~100°C for both types of functionalized nanoparticles is attributed
to evaporation of water absorbed on the surface of the particles. An inflection point at around
200°C is seen for both O-MWCNTs and A-MWCNTs with a total weight loss of approximately
8.26% and 10.02% between the temperatures of 100°C and 400°C, respectively, which has been
associated with the loss of carboxylic acid groups [146]. These results confirm that since the A44

MWNCTs have higher molecular weight groups attached to their surfaces than O-MWCNTs, AMWCNTs would lose more weight when being decomposed and the organic groups are depleted
from the MWCNT wall upon heating [26]. TGA plots for AR-CNFs, O-CNFs, and A-CNFs
show a similar trend as for MWCNTs. The AR-CNFs show no significant weight loss for the
entire temperature range while O-CNFs and A-CNFs show evidence of functionalization with a
total weight loss of 3.64% and 5.43%, respectively, for the temperature range between 100°C
and 400°C.
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Figure 20. TGA plots for as-received (AR-MWCNT), oxidized- (O-MWCNT), and amidized(A-MWCNT) multi-walled carbon nanotubes.
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Figure 21. TGA plots for as-received (AR-CNF), oxidized- (O-CNF), and amidized- (A-CNF)
carbon nanofibers.
3.3.1.3

X-Ray Photoelectron Spectroscopy

3.3.1.3.1 Functionalized Multi-Walled Carbon Nanotubes
Elemental analysis tests were performed for functionalized MWCNTs. Elemental survey
results show that O-MWCNTs have a carbon and oxygen surface content of 85 and 15 atom%,
respectively, with a small trace of nitrogen and silicon (less than 0.2 atom%). The elemental
composition of the O-MWCNT is shown in Figure 22 and Table 2. To obtain more information
regarding the bonding state, high-energy resolution (hi-res) analysis was also performed for the
C 1s and O 1s regions. From the carbon hi-res analysis, it can be observed that the O-C=C
represents approximately 5.3 atom% of the surface, whereas the C-C and C-H represents 54.9
atom% (Table 3). The rest is attributed to other types of oxygen functionalities such as carbonyl,
ether, and hydroxyl groups. Hi-res of the O 1s region also revealed that the O-C and O=C
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represented 50.5 and 49.5 atom%, respectively (Table 4). These results show that the surface
chemistry of functionalized MWCNTs is complex with different types of oxygen groups
interacting. This results in an increase in the surface energy of the carbon nanomaterial, which is
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Figure 22. XPS elemental survey of oxidized-MWCNTs.
TABLE 2
RELATIVE ELEMENTAL COMPOSITION OF O-MWCNT AS DETERMINED BY XPS
Name
C 1s
N 1s
O 1s
Si 2p

Position
284.7
401.7
532.7
102.7

Area
10570.9
43.7
5143.1
31.7

At%
84.9
0.2
14.7
0.2

Surface chemistry characterization was also performed for A-MWCNTs. Elemental
analysis shows a carbon, oxygen, and nitrogen content of 83.4, 8.7, and 6.9 atom%, respectively,
with some traces of S, Si, and Cl (Figure 23 and Table 3). Sulfur and chlorine contents are
attributed to residuals of thionyl chloride from the amidation process. A comparison of the O47

MWCNT and A-MWCNT elemental surveys shows that carbon content stays at ~84 atom%,
oxygen relative content decreases from 14.7 to 8.7 atom%, and nitrogen increases from 0.2 to 6.9
atom%. Reduction in the oxygen content is attributed to the substitution of the OH group of the
carboxylic acid with the ethylenediamine, which is also in agreement with the increase in
nitrogen content. Hi-res analyses of the carbon, oxygen, and nitrogen peaks (Appendix A) show
a reduction in carboxyl species due to amidation, which is in agreement with the reduction in CO; also, all nitrogen species are either amine or amide and no other nitrogen groups are left after
amidation of MWCNTs (Table 5 and Table 6).
TABLE 3
RELATIVE ELEMENTAL COMPOSITION OF A-MWCNT AS DETERMINED BY XPS
Name
C 1s
N 1s
O 1s
Si 2p
S 2p
Cl 2p

Position
285.0
400.0
532.0
169.0
169.0
201.0

Area
9931.7
1413.3
2898.0
9.6
239.4
19.9

Atom%
83.4
6.9
8.7
0.1
0.8
0.1

TABLE 4
RELATIVE COMPOSITION AND PEAK ASSIGNMENT FOR CARBON SPECIES FOR OMWCNT AND A-MWCNT, C 1S REGION
Peak Assignment
C-C, C-H
C-O, C-N
C=O
O-C=O/*N-C=O

O-MWCNT [Atom %]
54.6
31.2
8.9
5.3
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A-MWCNT [Atom %]
59.2
16.5
19.0
*5.3
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Figure 23. XPS elemental survey of amidized-MWCNTs.
TABLE 5
RELATIVE COMPOSITION AND PEAK ASSIGNMENT FOR NITROGEN SPECIES FOR
O-MWCNT AND A-MWCNT, N 1S REGION
Peak Assignment
Amine, Amide
Nitrite

O-MWCNT [Atom %]
-

A-MWCNT [Atom %]
100
0

TABLE 6
RELATIVE COMPOSITION AND PEAK ASSIGNMENT FOR OXYGEN SPECIES FOR OMWCNT AND A-MWCNT, O 1S REGION
Peak Assignment
O=C
O-C

O-CNF [Atom %]
50.5
49.5

A-CNF [Atom %]
77.7
22.3

3.3.1.3.2 Functionalized Carbon Nanofibers
Elemental analysis was also performed on functionalized CNFs, and results are shown in
Figure 24. XPS results confirm functionalization of O-CNFs with carbon, oxygen, and nitrogen
contents of 82.6, 16.5, and 1.0 atom%, respectively, as shown in Table 7. From high-energy
49

resolution XPS analyses of the C 1s , N 1s, and O 1s regions, it is noticeable that the O-C=O
species represented 8.4 atom% with respect to the overall count (Table 8). Another important
observation is that, as in the case of O-MWCNTs, O-CNFs also have other oxygen species such
as carbonyl, ethers, and hydroxyl groups (see Table 9). Hi-res analysis of the O 1s region shows
that O=C and O-C species have a relative elemental composition of 54 and 46 atom%,
respectively, which contributes to the surface charge and in turn the electrophoretic mobility of
the particles upon application of a DC electric field in aqueous media. Hi-res data of the N 1s
region reveals that the presence of nitrogen is due to nitrites and amine/amides, which are
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attributed to side products in the oxidation of CNFs, as shown in Table 10 and Table 11.
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Figure 24. XPS elemental survey of oxidized-CNFs.
TABLE 7
RELATIVE ELEMENTAL COMPOSITION OF O-CNF AS DETERMINED BY XPS
Name
C 1s
N 1s
O 1s

Position
285.2
406.2
532.2

Area
11561.8
230.7
6469.2
50

Atom%
82.6
1.0
16.5

TABLE 8
RELATIVE ELEMENTAL COMPOSITION OF A-CNF AS DETERMINED BY XPS
Name
C 1s
N 1s
O 1s
S 2p
Cl 2p

Position
285.2
400.0
532.2
168.0
202.0

Area
11561.8
2189.8
3371.7
101.4
32.8

At%
83.8
8.8
7.7
0.3
0.1

Results for XPS elemental analysis characterization of A-CNFs are shown in Figure 25. It
is clear that amidation resulted in an increase in nitrogen content as compared to carbon and
oxygen. In this sample, carbon, oxygen, and nitrogen content corresponded to 83.8, 7.7, and 8.8
atom%, with some sulfur and chlorine elements, 0.3 and 0.1 atom%, attributed to residuals of
thionyl chloride from the amidation process (Table 8). Comparing the O-CNF and A-CNF
elemental surveys, it is observed that the relative oxygen content decreases from 16.5 to 8.8
atom% and nitrogen increases from 1.0 to 8.8 atom%. Reduction in the oxygen atom is due to the
substitution of the carboxylic acid OH with the ethylenediamine which is also in agreement with
the increase in the nitrogen content. Hi-res analyses of the carbon, oxygen, and nitrogen peaks
(Appendix A) show a reduction in carboxyl species due to amidation which is in agreement with
the reduction in C-O from 49.2 to 22.3 atom%. Further information regarding the XPS analyses
can be found in Appendix A.
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Figure 25. XPS elemental survey of amidized-CNFs.
TABLE 9
RELATIVE COMPOSITION AND PEAK ASSIGNMENT FOR CARBON SPECIES FOR OCNF AND A-CNF, C 1S REGION
Peak Assignment
C-C, C-H
C-O, C-N
C=O
O-C=O/*N-O=O

O-CNF [Atom %]
61.0
24.0
5.9
8.4

A-CNF [Atom %]
53.0
25.0
16.0
*6.2

TABLE 10
RELATIVE COMPOSITION AND PEAK ASSIGNMENT FOR NITROGEN SPECIES FOR
O-CNF AND A-CNF, O 1S REGION
Peak Assignment
Amine, Amide
Nitrite

O-CNF [Atom %]
58
42

52

A-CNF [Atom %]
100
0

TABLE 11
RELATIVE COMPOSITION AND PEAK ASSIGNMENT FOR OXYGEN SPECIES FOR OCNF AND A-CNF, O 1S REGION
Peak Assignment
O=C
O-C
3.3.1.4

O-CNF [Atom %]
53.6
46.4

A-CNF [Atom %]
77.1
22.9

Laser Doppler Velocimetry

3.3.1.4.1 Carboxylic Acid-Functionalized Multi-Walled Carbon Nanotubes and Carbon
Nanofibers
Electrophoretic mobility values of O-MWCNTs and O-CNFs reveal that these particles
are negatively charged in water for the entire pH range studied. EM plots of O-MWCNTs and OCNFs are shown in Figure 26. A common behavior for both of these is that, for pH values
between approximately 2 and 6, the absolute values of the EM increase linearly. This increase in
negative charge of the particles leads to higher mobility, which is mainly due to ionization of the
carboxylic acid groups (CNF-COOH + OH- → CNF-COO- + H2O) [147]. Higher EM values
indicate that the O-MWCNTs/O-CNFs can move faster during EPD, which in turn reduces the
deposition time. For pH values above 6, the absolute values of EM stay stable until pH of 10.
This indicates that at pH 6, most carboxylic acid groups have already been ionized; therefore, no
change in the charge of the particle was attained.
Comparing the EM values of O-MWCNTs and O-CNFs it can be seen that there is a
difference of about 1 µm·cm/(V·s) for the entire range of the values studied. This represents
about 20% for the high pH range and about 50% for the low pH range. The difference in values
may be due O-CNFs having more oxygen-containing groups attached to their surface than OMWCNTs, as shown by XPS analyses. This is in agreement with the CNFs having more open
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walls than MWCNTs; thus, more functional groups can be grafted onto their surface, which
results in more negative charges on the surface of the particles.
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Figure 26. Electrophoretic mobility of O-MWCNTs and O-CNFs as a function of pH. Error bars
indicate one standard deviation.
In terms of EPD of O-MWCNTs and O-CNFs, two observations regarding the EM values
can be made. The first is that, as mentioned before, the particles are negative for the entire pH
range regardless of the pH of the solution. Therefore, upon application of a DC electric field, the
particles will always move towards the positive electrode. The second observation is drawn from
the stability of the suspension. Although Smoluchowski’s theory is strictly valid for evaluating
the zeta (ζ) potential of spherical particles, other authors have proposed this theory to estimate
the ζ potential of rod-like particles (such as carbon nanotubes) to study the stability of the system
in aqueous medium [121, 147]. Assuming that this theory holds for high-aspect-ratio particles,
the equation used to calculate the ζ potential is
μ =

ξεε
η

o
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(2)

where µ is the electrophoretic mobility, ε is the dielectric constant of the liquid, εo is the
permittivity of the free space (vacuum permittivity), and η is the viscosity of the medium. Using
equation 2 to calculate the ζ potential from the EM values plotted in Figure 26, it is found that
the lowest absolute values for O-MWCNTs and O-CNFs are -26.16 mV and -38.15 mV,
respectively. As a reference value, the limits between stable and non-stable system for spherical
particles (particle aggregation) has been established to be a ζ potential of ±30 mV. This indicates
that, for the case of O-MWCNTs, the stability of the system can only be obtained above a pH of
~3, which gives a ζ potential of approximately -30 mV. On the other hand, the O-CNFs are
stable in aqueous media for the entire pH range studied since the lowest absolute value of the ζ
potential is 38.15 at a pH of 2.054.
3.3.1.4.2 Amine-Functionalized Multi-Walled Carbon Nanotubes and Carbon Nanofibers
EM values of amine-functionalized MWCNTs and CNFs at various pH are shown in
Figure 27. Also included for comparison are EM values of O-MWCNTs and O-CNFs. The graph
shows a strong dependency of EM with respect to the pH values of the solution: A-MWCNTs/ACNFs are positive at low pH and negative at high pH with an isoelectric point estimated at pH
8.1. This behavior contrasts with that of O-MWCNTs/O-CNFs, where the EM values for the pH
range studied are always negative. This could be due to the fact that amines can act as a base
depending on the pH of the medium. It is hypothesized that at lower pH (i.e., water + HCl),
ionization of the primary amine leads to the formation of cations in water (CNFCONHCH2CH2NH2 + H+ → CNF-CONHCH2CH2NH3+), while at higher pH (water + NaOH),
the amine group leads to the negative charge of the particles in an aqueous medium. These
results are essential in determining the polarity of the electric field that has to be applied to the
solution in the electrophoresis tank so that the A-MWCNTs/A-CNFs move in the desired
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direction. Since the experiments reported were carried out using a solution of pH ~6, the AMWCNTs/A-CNFs always moved towards the negative electrode (cathode).
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Figure 27. Electrophoretic mobility values of A-MWCNTs and A-CNFs. Error bars indicate one
standard deviation.
Comparing the values of A-MWCNTs with A-CNFs, it is observed that latter particles
have a higher surface charge. This finding is in agreement with the results obtained for OMWCNTs and O-CNFs where it was observed that O-CNFs have a higher surface charge.
Further corroboration of the relative content of functional groups on the surface of the particles is
drawn from the XPS results that show that O-CNFs and A-CNFs have larger amounts of
functional groups on the surface than O-MWCNTs and A-MWCNTs, respectively.
In terms of the stability of A-MWCNTs/A-CNFs in aqueous medium, it is noticed that
the dispersion of A-MWCNTs is stable only for pH values between 2 and 5.5 and above 9. And
for A-CNFs, the particles are stable for pH values between 2 and 7.5 and above 9. In this study,

56

the pH values for deposition are between 6 and 7. This means that for A-CNFs the system is
always stable whereas for A-MWCNTs the system is below the limit of stability.
3.3.2

Electrophoretic Deposition Process
After mixing the functionalized carbon nanoparticles with ultrapure water and inserting

the carbon fiber layer with the frame into the electrophoretic tank, several images were taken of
the electrophoretic setup. Figure 28 shows two images of the setup before deposition of the
nanoparticles. At this initial stage of the process, the aqueous solutions is dark and opaque and
light transmission is limited. After EPD, the aqueous solution turns translucent due to the
deposition of the particles on the surface of the layers. Figure 29 shows two images of the tank
after EPD where this effect can be clearly seen.

Figure 28. Images of EPD setup before deposition of functionalized carbon nanoparticles.
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Figure 29. Images of EPD setup after deposition of functionalized carbon nanoparticles. Left:
carbon fiber layer inside EPD tank. Right: Aqueous solution.
3.3.3

Characterization of Multiscale-Reinforcement Fabric

3.3.3.1

Deposition and Dispersion of Carbon Nanoparticles

3.3.3.1.1 Multiscale-Reinforcement Fabrics Containing Carboxylic Acid-Functionalized
Multi-Walled Carbon Nanotubes and Carbon Nanofibers
Characterization of the carbon fiber layers before and after EPD of O-MWCNTs was
performed by observing the deposition of the particles through SEM imaging of the substrates.
These images are shown in Figure 30. Two interesting observations can be drawn from
observing the MRFs. The first is that the O-MWCNTs were mostly deposited between the
carbon fibers and not on top of the substrate. This could be due to redistribution of the OMWCNTs during the drying step. It is expected that water droplets tend to deposit between fiber
tows before evaporating. In this process, due to the surface energy of the water, the droplets
attract the O-MWCNTs laying on the surface of the fiber, thus making the nanoparticles move
and reposition in-between the fibers. After water has completely evaporated, the O-MWCNT
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will then stay between carbon fiber layers with no further movement. The second observation
from the images is that, although the O-MWCNTs are mostly positioned between carbon fibers,
they are ―for the most part― individually distributed. This exfoliation is important in order to
achieve good load distribution when using the O-MWNCNTs carbon fiber layers to reinforce
MRPCs subjected to different mechanical loads.
Deposition of O-CNFs was investigated by observing optical microscopy images of
carbon fiber layers before and after EPD. From the images shown in Figure 31, it can be
observed that O-CNF readily deposited on the surface of the carbon fiber layers and in the intratow region. It is important to note that the distribution of O-CNF on the surface of the layers was
different than for O-MWCNTs. In the case of O-CNFs, the deposition was not completely
uniform and small agglomerates with a radius of about 10–80 µm could be seen on the surface of
the layers. This effect can be clearly seen at high optical microscopy magnification (image D
from Figure 31) where some of the particles are deposited in the intra-tow region whereas other
particles are superficially deposited. On the other hand, as previously observed in Figure 30, OMWCNTs are more evenly distributed in the intra-tow region. This difference can also be
explained by redistribution of the O-CNFs in the drying step. During drying of the MRF layers,
the high surface energy of O-CNFs causes the nanoparticles to be pulled by the water droplets
and redistributed on the surface of the layer. Due to the size of O-CNFs, some of the particles
deposit in the intra-tow region whereas other particles that cannot penetrate the carbon fiber layer
can only deposit on the surface. Another observation in EPD of O-CNFs is that since CNFs are
larger than MWCNTs, individual O-CNF deposited particles are able to touch several carbon
fibers (Figure 32). This type of configuration would lead to fiber bridging when manufacturing
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MRPC with this type of layers. This is a desired reinforcing mechanism for the MRPC due to the
ability of the nanomaterials to redistribute load to adjacent fibers upon loading of the part.
A

B

C

D

E

F

Figure 30. A and B: SEM images of carbon fibers before EPD of O-MWCNTs. C-F: SEM
images of carbon fibers after electrophoretic deposition of O-MWCNTs.
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Figure 31. Left column (A, C, and E): Optical images of carbon fiber layers before EPD of OCNFs. Right column (B, D, and F): Optical images of carbon fiber layers after EPD of O-CNFs.
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Figure 32. Left: Optical image of a carbon fiber layer before EPD of O-CNFs. Right: Optical
image of carbon fiber layer after EPD of O-CNFs.
3.3.3.1.2 Multiscale-Reinforcement Fabrics Containing Amine-functionalized MultiWalled Carbon Nanotubes and Carbon Nanofibers
EPD of A-MWCNTs onto carbon fiber layers did not result in uniform dispersion or in
individual exfoliation of the carbon nanoparticles throughout the layer. As shown in Figure 33,
SEM images taken from the A-MWCNT containing carbon fiber layers indicate that the AMWCNTs agglomerated into clusters of ~20–30 µm in radius and deposited on the surface of the
layer. Some other places in the layer showed rope-like agglomeration and deposition of the AMWCNTs. The clustering and agglomeration effect is caused by the inherent instability of the AMWCNTs aqueous system due to their high surface area and van der Waals forces. Stability of
the colloidal solution of amine-functionalized nanoparticles is an extremely important parameter
in EPD. If the nanoparticles suspended in water are not stable, they will start to aggregate and
form clusters that would either deposit at the bottom of the tank, or travel and deposit on the
surface of the carbon fiber layer. This is a clear indication that EPD is not an effective method to
deposit exfoliated A-MWCNTs at pH of approximately 6, which in turn also indicates that rodlike particles are not stable at zeta (ζ) potential values of 24.94 mV (see Figure 27).
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Figure 33. Carbon fiber layers before (A) and after EPD of A-MWCNTs (B-F).
Further efforts were made to stabilize A-MWCNTs in aqueous medium to achieve
uniform deposition. To this end, several experiments were performed where different quantities
of acid (HCl) were added to the A-MWNT-aqueous solution in order to increase the ζ potential
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of the particles. By adding small quantities of acid, the pH of the system decreased which in turn
made the system more stable due to an increase in the surface energy of the particles caused by
ionization of the functional groups (see Figure 27). By decreasing the pH of the solution, the
clusters were reduced in size but not to the point of complete deagglomeration. This effect was
captured in SEM images shown in Figure 34, where A-MWCNTs clusters were reduced to half
the size of the original clusters (~20–30 µm vs. ~7–15 µm radius) after EPD in a MWCNTaqueous solution of pH 5. At this pH, the zeta potential is approximately 35 mV, which leads to
the idea that in order to obtain a stable solution of rod-like nanoparticles such as A-MWCNT in
aqueous medium, the zeta potential has to be higher than 35 mV. Further addition of HCl acid
was not pursued since a high concentration of acid in an aqueous medium has detrimental effects
on the sizing of the carbon fiber layer.

Figure 34. SEM images of carbon fiber layers after EPD of A-MWCNTs dispersed in aqueous
medium at pH 5.
In contrast to the case of A-MWCNTs, EPD of A-CNFs onto carbon fiber layers resulted
in uniform and individual deposition of the carbon nanoparticles. Also, contrary to the deposition
of O-CNFs, deposition of A-CNF resulted in uniform coverage where no significant clusters of
particles were observed (Figure 36). This configuration confirms that A-CNF in an aqueous
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solution at pH of 6 is stable and that successful deposition can be achieved. Referring to Figure
27 (electrophoretic mobility of functionalized carbon nanoparticles) and referring to the inherent
instability of A-MWCNTs at zeta potential of 35 mV, it is suggested that zeta potential stability
criterion for rod-like particles such as CNFs and MWCNTs is within ±35–40 mV.
Further insight into the deposition of A-CNFs on the carbon fiber can be gained by
observing Figure 36, which shows a set of two images of a single carbon fiber before and after
EPD of A-CNFs. It is clearly observed that after EPD, the A-CNFs are not only deposited on the
surface of the carbon fiber but also wrapped around it. This wrapping effect has the advantage of
increasing the surface area of the fiber, which could lead to higher mechanical properties of the
final material by means of mechanical interlocking mechanism. This effect was not previously
seen in the deposition of oxidized CNTs in water and also amidized CNTs in DMF on the
surface of carbon fiber layers [128, 129]. As in the case of O-CNF, another interesting fact that
can be drawn from the optical and SEM images, is the ability of the A-CNFs to deposit in the
intra-tow region and eventually join the adjacent fibers to create a fiber bridging configuration.
Both SEM images in Figure 37 show a layer with A-CNFs bridging from one fiber to another. It
is expected that fiber bridging coupled with high interaction between the A-CNF, sizing of the
fiber, and epoxy resin would result in higher mechanical reinforcement in MRPCs manufactured
with MRFs containing A-CNFs.
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Figure 35. Left column (A, C, and E): Optical images of carbon fiber layers before EPD. Right
column (B, D, and F): Optical images of carbon fiber layers after EPD of O-CNFs.
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Figure 36. Optical images of carbon fibers before (top) and after (bottom) EPD of A-CNFs.

Figure 37. SEM images of carbon fiber layers after EPD of A-CNFs.
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3.3.3.2

Quantification of Material Deposition
Light absorbance spectra were obtained for aqueous solutions of different concentrations

of carboxylic acid- and amine-functionalized MWCNTs and CNFs to obtain concentration
calibration curves. These plots can be found in Appendix B. From the spectra obtained, a linear
fit of the concentration as a function of absorbance was plotted at three different wavelengths
near the visible range. Note that no absorbance spectra were obtained for A-MWCNTs due to
instability of the particles in the aqueous medium. Therefore, no estimation of A-MWCNT
deposition onto carbon fiber layers could be obtained for this case.
The calibration curves at three different wavelengths (500 nm, 600 nm, and 700 nm) are
shown in Figure 38 for O-MWCNTs, Figure 39 for O-CNF, and Figure 40 for A-CNF. The curve
obtained using the 600 nm wavelength data was selected as the reference curve based on the
stability of the absorbance at that wavelength and the precision of the linear fit. Then, the
equation obtained using the linear regression fit was used to estimate the concentration of the
carbon nanoparticles in aqueous media after EPD. It is important to note that light absorption
above 1.5 could trigger non-linearity in the concentration vs. absorption plots. However, it is
clear that absorption is linear within the range of concentrations studied as proven by the R2
values calculated from the linear fit curves. From these results, it is determined that the nonlinear region was not reached for MWCNTs/CNFs in aqueous media.
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Figure 38. Calibration curves at three different wavelengths as a function of absorbance for
carboxylic acid-functionalized MWCNTs.
.
y = 27.068x
R² = 0.9997
y = 29.564x
R² = 0.9996

Concentration [µg/ml]

80
70

y = 24.103x
R² = 0.9998

60

700 nm

50

600 nm

40

500 nm

30

Linear (700 nm)

20

Linear (600 nm)

10

Linear (500 nm)

0
0

0.5

1

1.5

2

2.5

3

3.5

Absorbance [a.u.]
Figure 39.Calibration curves at three different wavelengths as a function of absorbance for
carboxylic acid-functionalized CNFs.
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Figure 40. Calibration curves at three different wavelengths as a function of absorbance for
amine-functionalized CNFs.
Based on the data collected and using equation 1, the amount of functionalized MWCNTs
and CNFs deposited on the surface of carbon fiber layers using the EPD process was estimated.
These values are shown in Table 12. Deposition of O-MWCNTs and O-CNFs were estimated to
be 24.61 mg/layer and 31.61 mg/layer, respectively. This represents 12.9% and 16.64% of
particles deposited with respect to the total amount dissolved in the EPD tank, respectively. The
difference in deposition between O-MWCNTs and O-CNFs, approximately 20%, is attributed to
the difference in electrophoretic mobility values (Figure 26) of both types of particles that is also
around 20% for the pH of ~6. This corroborates the fact that the higher the EM, the higher EPD
of particles.
Deposition of A-CNFs was estimated to be 46.93 mg/layer which represents 24.7% of the
particles initially dissolved in the aqueous media before EPD. From the images shown in the
previous section, it was expected that the A-CNF deposition process promoted higher deposition
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than O-MWCNTs and O-CNFs. A-CNFs were seen to be more densely and uniformly deposited
than O-CNF (Figure 31). This difference in deposition is attributed to the difference in
processing conditions. The A-CNF deposition process consisted of two steps involving longer
deposition time, while the deposition of O-CNF consisted of only one step of shorter deposition
time.
TABLE 12
QUANTITY OF FUNCTIONALIZED MWCNT AND CNF DEPOSITED ON SURFACE OF
CARBON FIBER LAYERS
Quantity Deposited
Relative Quantity
Particle Type
[mg/Layer]
Deposited [%]
O-MWCNT
24.61
12.9
O-CNF
31.61
16.64
A-MWCNT*
A-CNF
46.93
24.7
*A-MWCNT deposition onto carbon fiber layers could not be
estimated due to the instability of the system.
3.4

Summary and Conclusions
In this chapter, electrophoretic deposition of functionalized multi-walled carbon

nanotubes and carbon nanofibers onto carbon fiber layers was investigated. FTIR, TGA, and
XPS confirmed the functionalization of the particles with carboxylic acid and amine functional
groups. Laser Doppler velocimetry of the particles showed that O-MWCNTs and O-CNFs had a
negative charge in aqueous medium for a pH between 2 and 10. Conversely, the A-MWCNTs
and A-CNFs exhibited a positive charge at low pH and a negative charge at high pH with the
isoelectric point at pH of ~8.1.
SEM images of carbon fiber layers after EPD of O-MWCNTs showed particle deposition
in the intra-tow region, whereas O-CNFs deposited in the intra-tow region as well as on the
surface. EPD of A-MWCNTs onto carbon fiber layers did not result in uniform dispersion along
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the layer. SEM images of the multiscale layers indicated that the A-MWCNT agglomerated into
clusters of ~20–30 µm in radius that were deposited on the surface of the layer. This was effect
was attributed to the instability of the A-MWCNTs since the nanoparticles are not able to
dissolve in aqueous medium due to their low zeta potential values. On the other hand, EPD of ACNFs onto carbon fiber layers resulted in uniform and individual deposition of the carbon
nanoparticles. The configuration of this type of deposition confirmed that A-CNF in aqueous
solution at pH of 6 is stable, and that successful deposition could be achieved. From these results
it was observed that rod-like particle stability is in the limits of ±35–40 mV. EPD of A-CNF also
showed microfiber wrapping which has the advantage of increasing the surface area of the fiber.
This was not previously seen when depositing O-MWCNTs or O-CNFs. In addition, optical
images showed that individual A-CNF and O-CNF particles were able to deposit and touch
several fibers. This leads to fiber bridging, which is a desired reinforcing mechanism in MRPCs.
Quantification of the amount of carbon nanoparticles deposited onto the surface of carbon
fiber layers was estimated by determining the concentration of the nanomaterials in water before
and after EPD using a light transmission technique. Results showed that O-CNFs deposited in
higher quantity than O-MWCNTs due to the difference in electrophoretic mobility. Similarly, ACNF deposited in higher quantity than the oxidized carbon nanoparticles, which was attributed to
the difference in the EPD process.
Based on the aforementioned results, it can be concluded that EPD is an effective and
scalable method to deposit O-MWCNTs, O-CNFs, and A-CNFs onto complex substrates such as
carbon fiber layers. One limitation of this process is the time and magnitude of the electric field
that the carbon fiber layers can be subjected to during the EPD process, since stiffening of the
carbon layers was observed for high electric fields and long deposition times. The MRFs made as
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described herein can be used to manufacture MRPCs in order to increase selected mechanical
properties such as interlaminar shear strength and stiffness as well as compressive strength.
Processing and characterization of MRPCs manufactured with MRFs is presented and examined
in Chapter 4.
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CHAPTER 4
MANUFACTURING AND CHARACTERIZATION OF CARBON
NANOPARTICLE/FIBER-REINFORCED POLYMER COMPOSITES

4.1

Introduction
Advanced polymer composites provide excellent in-plane tensile strength-to-weight and

stiffness-to-weight ratios, which are dominated by the strength and stiffness of the fibers and the
ability of the matrix to transfer load to the fiber. Conversely, advanced polymer composites have
poorer out-of-plane and in-plane compressive performance. MWCNTs and CNFs have a unique
combination of properties that make them ideal materials for reinforcing resin- and resin/fiberdependent properties of advanced composites. The usual approaches to incorporating MWCNTs
and CNFs into advanced polymer composites pose several manufacturing issues that must be
overcome in order to produce parts with higher and consistent properties.
In Chapter 3, a process to synthesize multiscale-reinforcement fabrics by directly
depositing functionalized nanoparticles (MWCNTs and CNFs with carboxylic acid or amine
functional groups) on the surface of carbon fiber layers through electrophoretic deposition was
developed and studied. In this chapter, processing and characterization of the mechanical and
electrical properties of MRPCs manufactured with such layers is presented and examined. The
mechanical and electrical properties obtained include interlaminar shear strength and stiffness,
compressive strength, and through-plane electrical conductivity.
The schematic of the complete MRPC manufacturing process is depicted in Figure 41. In
the first stage of the process, MRFs are manufactured as described in Chapter 3. In the second
stage of this process, MRFs are stacked and infused with an epoxy-amine resin system to
manufacture the final MRPC by vacuum-assisted resin transfer molding (VARTM).
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Figure 41. Schematic of manufacturing process of multiscale-reinforced polymer composites.
4.2

Experimental Section
The matrix selected for this study was an epoxy-amine system comprised of diglycidyl

ether of bisphenol F (EPONTM 862) and diethyl toluene diamine (EPIKURETM W) obtained from
Hexcel. This system is widely used in aircraft applications and other industries due to its high
mechanical properties, excellent adhesion, and chemical resistance. The ratio of epoxy to curing
agent used was 100:26.4 by weight, as recommended by the manufacturer. The structures of
EPON 862 and EPIKURE W are shown in Figure 42 [148]. Multiscale-reinforcement fabrics
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used for this study were manufactured as specified in Chapter 3. All other chemicals were
obtained from Fisher Scientific and used as-received.
EPON 862

EPIKURE W

+

∆

+
∆

Figure 42. Chemical structures of EPON 862 and EPIKURE W.
4.2.1

Manufacturing of Multiscale-Reinforced Polymer Composites with MultiscaleReinforcement Fabrics
To study the mechanical and electrical properties of the multiscale-reinforced panels,

several flat panels of 25 x 17 cm2 were manufactured using VARTM utilizing the setup shown in
Figure 43. VARTM is a widely-used, cost-effective polymer composite manufacturing technique
for fabricating polymer composites. The first panel was standard and made with as-received
carbon fibers with no deposited nanoparticles. The second and third panels were made with a
preform comprised of MRFs with O-MWCNTs and O-CNFs. Panels four and five were made
with preforms containing A-MWCNT and A-CNF, respectively. Description of all panels
manufactured are provided in Table 13. All panel preforms were balanced and symmetric and
consisted of 16 layers of either as-received carbon fiber layers or MRFs. The stacking sequence
of each preform was [-45,0,+45,90]2s. After stacking the layers, the preform was infused with the

76

matrix and then cured according to the manufacturer’s recommended cure cycle. This cycle
consisted of curing for two hours at 177°C followed by a one hour post cure at the same
temperature.

Figure 43.Vacuum-assisted resin transfer molding setup.
TABLE 13
DESCRIPTION OF MULTISCALE-REINFORCED POLYMER COMPOSITE PANELS
MANUFACTURED AND CHARACTERIZED
#
1
2
3
4
5
4.2.2

Panel Description
Base Panel
O-MWCNT
O-CNF
A-MWCNT
A-CNF

Particle Type
N/A
O-MWCNT
O-CNF
O-MWCNT
A-CNF

Designation
BP
O-MWCNTP
O-CNFP
A-MWCNTP
A-CNFP

Characterization Methods
All panels were tested for interlaminar shear strength and compressive strength according

to ASTM D2344 and Modified ASTM D695 test standards, respectively. Short-beam shear
testing is one of the most popular methods for characterizing interlaminar shear strength of
composite materials due to simplicity, practicality, and sample size (small amount of material
required). Previous publications have suggested that, provided that the resin system is brittle
―which is the case of the graphite/epoxy system used in this study―, short-beam shear testing
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is a useful tool for determining apparent interlaminar shear strength of composites [149]. A
schematic as well as images of the configuration for this test are shown in Figure 44.

C

A

B

Figure 44. A: Schematic of short-beam shear test configuration [150]. B and C: Images of shortbeam shear test configuration.
Due to the dimensions of the specimen, this type of test promotes failure by interlaminar
shear. According to classical beam theory, the maximum shear stress occurs at the mid-plane of
the specimen. The equation used to calculate the interlaminar shear strength of composites (τ) is
τ =

3P
4 bh

(3)

where P is the load, and b and h are the width and the height of the specimen being tested,
respectively.
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Compressive strength test, as specified in modified ASTM D695, is a method where a
tabbed specimen clamped in a support jig is subjected to end compression loading until failure. A
valid test is accomplished when the specimen fails in the gage section. Figure 45 depicts this
specimen configuration and test setup.

P
W

t

GL L

P

tab
specimen

Figure 45. Specimen configuration and test arrangement for compressive strength test.
Through-plane electrical conductivity of the panels was tested following the four-probe
method. For these tests, at least three samples were tested and the average value along with the
standard deviation corresponding to each set of samples was reported. The dimensions of the
samples were 2.54 cm x 2.54 cm. Before measurements were made, the in-plane surfaces of each
sample were coated with conductive silver paint to ensure contact between the measuring
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electrodes and the sample. To perform the measurements, four-point probe Kelvin clips were
connected to the surface of the sample via copper wire. Resistance of the sample was measured,
and the final conductivity value was calculated using Ohm's law and the dimensions of the
sample.
4.3

Results and Discussion

4.3.1

Multiscale-Reinforced Polymer Composites
Since manufacturing of MRPCs requires injection of resin through the preform prepared

with the MRFs, it is important to visualize how the nanoparticles are distributed inside the part
after curing. For this purpose, small samples of ~10 mm x 10 mm were chemically etched using
nitric acid to the point where the nanoparticles could be visualized but not displaced from the
fibers. The etching procedure consisted of immersing the samples into 50 ml of nitric acid
followed by heating the system to 50°C for ~60 minutes with occasional stirring.
Images of the etched samples for the base panel and the panels containing O-CNF and ACNF were captured using optical microscopy at high magnification (Figure 46). From these
images, it is interesting to note that the samples containing O-CNFs were dispersed similarly to
the MRFs described in Chapter 3 (Figure 31). The distribution was not uniform where the CNF
tended to be concentrated in areas of 10-80 µm in radius. The O-CNFs were also seen to touch
and reach several carbon fibers, which is indicative of fiber bridging. Contrastingly, the images
of the samples containing A-CNF showed that the A-CNFs were individually and uniformly
distributed throughout the part, and no clusters of nanoparticles could be seen. Fiber bridging
was also observed where several A-CNFs extended over several carbon fibers. These findings
show that, although the panels were made through a resin injection molding technique, there was
no evidence of CNF washing due to the viscous drag of the resin.
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Figure 46. A and B: Top layer of etched sample for composite part with no CNFs inside. C and
D: Top layer of etched sample for the MRPC part with O-CNFs inside. E and F: Top layer of
etched sample for the MRPC part with A-CNFs inside. Left column images taken at 500x; right
column images taken at 1000x.
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4.3.2

Mechanical Properties of Multiscale-Reinforced Polymer Composites

4.3.2.1

Interlaminar Shear Strength
The apparent interlaminar shear strength values for the panels manufactured are shown in

Figure 47. Results from this test revealed that panels containing O-MWCNT and O-CNF had a
higher ILSS than the base panel, with an increase of 6.32% and 9.08%, respectively. Results also
revealed that addition of A-MWCNTs and A-CNFs increased the ILSS by 2.76% and 10.01%,
respectively. From these tests, it is clear that the addition of any type of functionalized carbon
nanoparticle had a positive effect on ILSS, especially for A-CNFs. Note that no relation was
found between ILSS and fiber volume fraction, which indicates that nanoparticles have
significant influence on this property (Appendix C). In this investigation, an increase of 9%–10%
is reported by depositing only 0.5wt.%–1wt% (with respect to the resin) of either MWCNTs or
CNFs on the surface of MRFs. This shows that EPD of MWCNTs/CNFs is an effective method
to synthesize MRFs capable of increasing the ILSS of MRPC manufactured with such layers.
The standard deviation of each sequence of tests is depicted in the error bars of Figure 47.
The standard deviation of the tests conducted indicates that failure mechanisms experience the
same combination of stresses. All specimens tested in this work failed by interlaminar shear.
(Figure 48 shows a representative specimen of the MRPC containing O-MWCNTs that failed by
interlaminar shear.) Coefficient of variation (COV) values show that the ILSS of all panels
manufactured are consistent and approximately the same value as the base panel, which is an
indication of the reliability of the manufacturing process.
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Figure 47. Left: Apparent interlaminar shear strength of nanocomposite panels manufactured.
Right: Change in apparent interlaminar shear strength for panels manufactured with respect to
base panel. Error bars represent one standard deviation.

Figure 48. Short-beam shear specimen after testing showing interlaminar shear mode of failure.
Specimen corresponds to the panel containing O-MWCNTs.
83

Investigation into the shear failure of the MRPCs was performed in order to understand
the nanoparticles-reinforcement mechanism. For this purpose, the shear stress at the mid-plane of
specimens of each panel was plotted against the displacement of the nose normalized with
respect to the initial thickness of the sample. These graphs are shown in Figure 49 for specimens
containing functionalized MWCNTs and in Figure 50 for specimens containing functionalized
CNFs. (For illustrative purposes, the graph only contain plots for representative samples; all
other plots have been included in Appendix D.) Both plots show a clear and distinctive behavior
of the shear stress vs. displacement between the base panel, the panels containing OMWCNTs/O-CNFs, and the panels containing A-MWCNT/A-CNFs. It is important to note that
it was observed experimentally and also in the shear stress-displacement curves that the failure
was sudden and not progressive, which suggests that a sudden drop in load during the test
corresponds to increasing deformation at the mid-plane where eventual failure occurred.
Comparing the plots containing O-MWCNTs/O-CNFs with respect to the base panel, three
observations can be made: (i) increase in the ILSS, (ii) slight increase of shear stiffness of the
specimen, and (iii) increase in toughness of the material. On the other hand, for both specimens
containing A-MWCNTs and A-CNFs, a significant increase in shear stiffness and decrease in
toughness was obtained, as compared to the base panel and the panels containing OMWCNTs/O-CNFs. The increase in shear stiffness for A-MWCNT/A-CNF is 2.5–3.5 fold with
respect to the base and O-MWCNTs/-CNFs panels. These results suggest that amine
functionalized carbon nanoparticles interact better with the resin than oxidized carbon
nanoparticles. This higher interaction might be due to covalent bonding between the epoxide
groups of the resin system and the amine groups grafted to the MWCNTs/CNFs. Also,
mechanical interlocking of the A-MWCNTs/A-CNFs with the matrix of the resin system is
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expected to occur in both panels due to the fact that ethylenediamine is a longer functional group
than the carboxylic acid groups of the O-MWCNTs/O-CNFs.
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Figure 49. Shear stress at mid-plane for specimens containing functionalized MWCNTs during
short-beam shear tests. SEM images correspond to multiscale carbon fiber layers representative
of specimens tested.
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Figure 50. Shear stress at mid-plane for specimens containing functionalized CNFs. Optical
microscopy images correspond to multiscale carbon fiber layers representative of specimens
tested.
Examination of the fracture surface at high magnification was performed in order to
obtain information regarding the reinforcement mechanism. The first observation from the SEM
images taken of the fracture surface of the samples containing O-MWCNTs and O-CNFs is that
the surface roughness of the fibers closer to the failure crack was higher for all panels containing
carbon nanomaterials (Figure 51). Surface roughness of the base panel was very clean whereas
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for the panels with oxidized carbon nanomaterials, the surface contains residues of resin and
nanoparticles. This surface roughness of the fiber leads to mechanical interlocking of the
particles, which in turn could explain the increase in mechanical properties for all samples with
nanomaterials. This observation suggests that the failure for the base panel is due to adhesion
(detachment of the resin from the fiber), whereas for the panels with CNFs, it is a combination of
adhesion and also resin breakage away from the fiber. This is in agreement with a report by
Upadhyaya and Tsakiropoulos [151] who suggested that if the surfaces of the fibers are clean of
resin after failure, then the failure is dominated by the adhesion of the matrix to the fiber. The
authors also suggested that increase in ILSS can be attained if the failure is away from the fiber.
The second observation from the SEM images is that the fissure on the fracture surface for the
base panel is less pronounced and more spread in the through-thickness direction than for the
panels with nanoparticles, where the crack is more defined and pronounced and not seen to be
spread through the thickness of the panel.
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Figure 51. A and B: SEM images of fracture surface of SBS specimens for base panel. C and D:
SEM images of fracture surface of SBS specimens for panel containing O-MWCNTs. E and F:
SEM images of fracture surface of SBS specimens for panel containing O-CNFs.
Further examination of the fracture surface at higher magnification shows that, upon
loading of the sample, O-MWCNTs and O-CNFs tend to slide away from the matrix, whereas A88

CNF has higher interaction with the resin. The O-MWCNTs and O-CNFs are shown to be
protruding from the surface of the fiber and matrix, with evidence of sliding and finally
detaching from the matrix. Conversely, the A-CNF extends from one fiber to the other without
breakage, which is evidence of higher interaction between the A-CNF and the other phases of the
MRPC. This effect is seen in Figure 52. These last images support the suggested reinforcing
mechanism by fiber bridging within the surface fracture of the specimen. From these results it is
also suggested that further increase in the fiber/matrix interface could be obtained by transferring
more load to the carbon fiber via direct bonding of the nanomaterials with the microfiber (no
sizing) and the matrix system.
B

A

CNF

MWCNT

Matrix

C

CNF
Fiber

Figure 52. SEM images of fracture surfaces of short-beam shear strength specimens obtained
from panel with O-MWCNTs (A), O-CNFs (B), and A-CNFs (C).
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Based on the data and images obtained for the MRPCs containing A-MWCNTs and ACNFs, the reinforcing mechanism is attributed to high interaction of the amine groups with the
resin system and mechanical interlocking. In previous reports, it has been shown that aminefunctionalized CNTs and CNFs mixed in polymer resins can provide higher reinforcement than
pristine nanomaterials due to a significant increase in load transfer [20, 152]. After deposition of
the A-MWCNTs/A-CNFs onto the carbon fiber layers and injection of the epoxy-based resin
system, the particles are expected to be completely wetted by the resin system and in close
contact with the resin and sizing of the carbon fibers. Then, during curing of the nanocomposite,
the amine groups grafted on the wall of the carbon nanomaterials could react with the resin and
also interlock with the matrix. This type of arrangement is seen in Figure 46 where the A-CNFs
are wrapped around several carbon fibers and in contact with adjacent carbon fibers. After
curing, this creates a reinforcement network between fibers and layers which leads to fiber
bridging in the in-plane as well as out-of-plane direction. As such, when the carbon fiber layers
are loaded and try to slide with respect to each other, the movement is restricted by the AMWCNTs/A-CNFs already in close contact with the matrix and the adjacent carbon fiber layers,
enabling load transfer between the phases of the MRPC.
4.3.2.2

Compressive Strength
Compressive strength of the samples containing O-MWCNTs and O-CNFs did not

significantly change with respect to the base panel: an increase of 4.38% and 2.69% was
obtained for O-MWCNTP and O-CNFP, respectively. On the other hand, an increase of 15.06%
and 12.40% in compressive strength was attained for the panels containing MRFs with AMWCNTs and A-CNFs, respectively (Figure 53). All specimens failed either by shear or
delamination of the specimen which validates the data obtained for the tests. These two types of
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failure mechanisms are illustrated in Figure 54 for representative samples. Note that, as in the
case of ILSS, no relation was found between compressive strength and fiber volume fraction
(Appendix C). The increase in compressive strength is attributed to the increase in shear stiffness
of samples containing A-MWCNT/A-CNF, which prevents the carbon fibers from buckling
prematurely. The increase in shear stiffness was demonstrated in the shear stress vs.
displacement curves obtained from ILSS. Evidence of this reinforcement arrangement can also
be explained by observing the optical images of A-CNF in the nanocomposite panel (Figure 46).
From the images, it can be seen that the nanomaterial is able to extend and touch other fibers,
which leads to load transfer between fibers.
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Figure 53. Left: Compressive strength of nanocomposite panels manufactured. Right: Change in
compressive strength for panels manufactured with respect to base panel. Error bars represent
one standard deviation.
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Figure 54. Failure mechanisms for compression strength tests for specimens containing OMWCNTs. Left: Shear failure. Right: Delamination failure.
It is important to note that the increase in strength for the panel made with A-MWCNT
and A-CNF was achieved by adding nanomaterials only to the carbon fiber layers. In a study by
Iwahori et al. [19], an increase of 15% in compressive strength was achieved when 5 wt.% of
cup-stacked carbon nanofibers was added to the resin. These authors noted manufacturing
difficulties regarding the approach taken, including increase in viscosity and void formation. The
increase in interlaminar shear strength and compressive strength reported herein were attained by
only adding low amount of carbon nanomaterials (~0.5wt.%–1wt.%) without having those
manufacturing difficulties in a process that can be scaled to manufacturing of larger parts.
4.3.2.3

Mechanical Properties of Multiscale-Reinforced Composites with Unsized
Preforms
In order to investigate the effect of sizing on the process and properties of MRPCs

manufactured following the approach described herein, an panel containing unsized carbon fiber
layers with A-CNF deposited on their surfaces was manufactured. The reason for choosing ACNFs is that they provided the highest increase in ILSS and shear stiffness of MRPC.
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To remove the sizing, the following methodology was employed. Each layer of the
preform was soaked in acetone for 20 minutes and washed. After washing, the layers were dried
in an oven at 65°C for 60 minutes. Then, in order to ensure complete removal of the sizing, each
layer was heated to 500°C for 30 minutes. After removing the sizing, it was noticed that the layer
became significantly more flexible than the layers containing sizing. Deposition of the A-CNF
was carried out in the same way as with sized fibers. SEM images before and after EPD of ACNF onto unsized carbon fiber layers revealed individual and uniform deposition of the
nanoparticles as in the case of sized carbon fiber layers (Figure 55).

Figure 55. SEM images of carbon fiber layers before and after EPD of A-CNF onto unsized
carbon fiber layers.
Results from short-beam shear test showed an increase of 12.43% in ILSS, which is the
highest increase for all panels manufactured. In terms of compressive strength, an increase of
approximately 11% was attained for this panel. This strength is close to the values obtained for
A-CNF with sized fibers. ILSS and compressive strength values for this panel are shown in
Figure 56. It is interesting to note that the COV for the base panel as well as the O-CNFP is
similar with values circa 10%. Conversely, for the panel made with A-CNF deposition onto sized
carbon fibers, it is noted that not only the compressive strength increased but also the COV
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decreased by half ―5.05% compared to ~10%― (see Figure 53). This finding indicates that
panels with A-CNF and sizing have more consistent properties than all other panels. On the other
hand, the panel made with A-CNF and no sizing also showed a higher compressive strength than
the base panel although the COV remained at around 13%. This effect could be due to
degradation of the carbon fibers when they were subjected to removal of sizing. Exposure carbon
fibers to thermal cycles in the presence of air increases the oxygen content and also reduce its
strength by pitting of the fibers.
600

60

500

50
40
30

59.58
52.99

20

Compressive Strength [MPa]

Apparent Interlaminar Shear Strength [Mpa]

70

400

300

200

438

395

100

10

0

0
Base

Base

A‐CNFP ‐ No sizing

Panel Type

A‐CNFP ‐ No sizing

Panel Type

Figure 56. Interlaminar shear strength (left) and compressive strength (right) values for base
panel and multiscale-reinforced composites with unsized carbon fiber layers containing A-CNFs.
Error bars indicate one standard deviation.
Investigation into the mechanics of deformation of the MRPC was also performed for the
unsized panel with A-CNF to understand the reinforcement mechanism. As in the case of sized
carbon fiber layers, the shear stress at the mid-plane of the SBS specimens for each panel was
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plotted against the displacement of the nose normalized with respect to the initial thickness of the
specimen. These plots show that A-CNF in unsized fibers behave in the same manner as A-CNF
in sized fibers (Figure 57). (For illustrative purposes, only one representative specimen is shown;
plots for all other specimens are shown in Appendix D.) The shear stiffness of the specimen for
the unsized carbon fiber layers with A-CNF is similar to the stiffness of the specimens of sized
carbon fiber layers with A-CNF. This increase is approximately 4 fold, as compared to the base
panel. This indicates that the mechanism of load transfer is similar for sized and unsized MRFs.
The fracture surfaces for SBS specimens for both samples show similar roughness as for OMWCNTs/O-CNFs, which suggest that the increase in strength and failure mechanisms occurs in
a similar manner: increase in surface roughness with failure in the matrix and also in the
fiber/matrix interface. The fracture surfaces for specimens with A-CNF on sized and unsized
carbon fiber layers are shown in Figure 58.
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Figure 57. Shear stress at mid-plane for specimens containing unsized carbon fiber layer with ACNFs.
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Figure 58. Fracture surfaces of SBS specimens obtained from panels with A-CNF in sized (left)
and unsized (right) carbon fibers.
In order to further understand the reinforcement mechanisms of the nanoparticles,
examination of the A-CNF/matrix interface was performed using electron microscopy. SEM
images at higher magnification show a CNF pulled away from the resin with matrix attached to
its surface (Figure 59). This suggests that the A-CNF does not slide from the matrix but instead
has high interaction with the matrix and makes the resin break away from its original position
upon application of the load. This observation is in agreement with the fact that specimens with
A-MWCNTs and A-CNFs have higher shear stiffness than the base panel and the panels with OMWMCNTs/-CNFs due to the interaction of the A-CNF nanoparticle with the epoxy-based resin
system. This finding is contrary to the case of O-MWCNTs and O-CNFs, where it can be seen
that the nanoparticles are pulled away from the matrix with no evidence of high interaction
between matrix and nanoparticles.
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Figure 59. SEM image of fracture surface of SBS specimen obtained from the panel containing
A-CNF on unsized carbon fibers.
4.3.3

Electrical Conductivity of Multiscale-Reinforced Polymer Composites
Measured values of through-plane electrical conductivity along with the standard

deviation were obtained for all panels and shown in Figure 60. Electrical conductivity of all
panels, except for the panel with A-CNF and no sizing, were found to be within the range of
previously reported values for carbon nanotube/carbon fiber-reinforced polymer composites
[129]. The variation in electrical conductivity of the aforementioned samples with respect to the
base panel can be attributed to local changes in fiber volume fraction and also waviness of the
carbon fiber layers. This indicates that low amounts of functionalized MWCNTs/CNFs can result
in a significant increase in the mechanical properties but not necessarily in electrical properties.
The highest and most significant variation in electrical conductivity was obtained for the
panel manufactured with A-CNF and no sizing on the carbon fibers. This panel had an increase
in electrical conductivity of about 100%, as compared to the base panel. The electrical
conductivity of fiber-reinforced composites depends on the ability of the electrons to travel
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through the conductive phase, which in this case is the carbon fibers and the CNFs. It is apparent
that the difference in electrical conductivity for the latter panel is due to the reduction in
electrical resistance as a result of direct deposition of the A-CNF onto the surface of the carbon
fiber (no sizing). Removal of the epoxy-based sizing increased the interaction between the ACNF and the carbon fiber, thus making the panel less resistant to electron flow. Based on these
results, it is envisioned that further increase in electrical conductivity could be gained by
increasing the inter-ply and intra-ply bridging with a higher density of conductive nanomaterials.
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Figure 60. Through-plane electrical conductivity of MRPC panels manufactured measured using
four-point probe method. Error bars represent one standard deviation.
4.4

Summary and Conclusions
In this study, multiscale-reinforced polymer composites containing carbon fiber layers

with carboxylic acid- and amine-functionalized MWCNTs and CNFs were manufactured and
characterized for interlaminar shear strength, shear stiffness, compressive strength, and throughplane electrical conductivity. Optical images of chemically etched samples obtained from the
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MRPCs showed some level of agglomeration for O-CNF whereas individual and even
distribution inside the part was observed for A-CNFs. Results from short-beam shear (SBS)
strength tests showed an increase in ILSS of 6.32% and 9.08% for nanocomposites containing OMWCNTs and O-CNFs, respectively, and 2.76% and 10.01% for panels containing A-MWCNTs
and A-CNFs, respectively. Further investigation into SBS tests showed that MRPCs with carbon
fiber layers containing A-MWCNTs/A-CNFs had an increase of 2.5–4x in shear stiffness with
respect to the base panel and panels containing O-MWCNTs/O-CNFs. SEM images from the
fracture surfaces showed O-MWCNTs and O-CNFs sliding from the matrix, whereas A-CNFs
were seen to interact with the fibers and the matrix showing evidence of fiber bridging. These
results lead to the conclusion that amine functional groups are able to transfer more load to the
nanomaterials than carboxylic acid functional groups. No relation was found between ILSS or
compressive strength with fiber volume fraction.
Compressive strength values showed that panels containing O-MWCNTs/O-CNFs did
not significantly increase the compressive strength of the panels whereas A-MWCNTs and ACNFs had an increase in compressive strength of 15.06% and 12.68%, respectively. These
results were attributed to the increase in shear stiffness of the samples, which prevents the carbon
fibers carrying the load to buckle prematurely. Electrical conductivity tests showed that
removing the sizing of the carbon fiber layer and depositing the nanoparticles directly onto the
surface of the carbon fibers had a significant impact on the electrical conductivity, increasing this
value by 100% as compared to the base panel.
By adding carbon nanomaterials to carbon fiber layers as described in Chapter 3, MRPCs
can be manufactured with higher interlaminar shear strength and compressive strength than the
base panel. It is important to note that the increase of these properties was attained without
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manufacturing difficulties, such as increase in viscosity and void formation in the nanocomposite
parts, which are issues previously reported by other authors [19]. The coefficient of variation of
the properties reported for the multiscale-reinforced composites were at the same level ―in
certain cases significantly lower― than that of the base material, leading to the conclusion that
manufacturing MRPCs following the process described herein results in parts with consistent
properties.
The local reinforcement in the fiber/matrix interface with A-MWCNTs/A-CNFs showed
that these particles are able to increase the shear strength and stiffness of the panels. The increase
in the mechanical properties was attributed to an increase in load transfer and strength at the
fiber/matrix interface due to higher interaction of the amine groups with the resin system and
also mechanical interlocking. From these results it is suggested that further increase in
fiber/matrix interface strength could be obtained by transferring more load directly to the carbon
fiber via bonding of the nanomaterials with the microfiber (no sizing) and the matrix system.

100

CHAPTER 5
CONCLUSIONS

Carbon nanotubes and carbon nanofibers have an exceptional combination of mechanical,
electrical, and physical properties that make them ideal materials to be used as reinforcing
nanoparticles for multiscale-reinforced polymer composites (MRPCs). In order to properly
incorporate them into advanced composites, several manufacturing difficulties must be
overcome. This research was aimed at obtaining fundamental understanding of the processing
and properties of MRPCs manufactured following a scalable process. In this work, three major
MRPC manufacturing challenges were addressed by developing a methodology to incorporate
carbon nanoutubes/carbon nanofibers into advanced composites. This methodology consisted of
two stages. In the first stage, multiscale-reinforcement fabrics (MRFs) were fabricated by
depositing carboxylic acid- or amine-functionalized CNTs and CNFs on the surface of carbon
fiber layers by electrophoretic deposition. In the second stage, the MRFs were stacked and
assembled into preforms that were infused with an epoxy-amine resin system by resin injection
molding to manufacture the final MRPCs.
By studying the deposition of carbon nanomaterials onto carbon fiber layers as described
in this dissertation, it can be concluded that EPD is an effective method to deposit functionalized
nanoparticles (O-MWCNTs, O-CNFs, and A-CNFs) onto complex-shaped substrates such as
carbon fiber layers. The effectiveness of the deposition of the functionalized MWCNTs and
CNFs was correlated to the stability of the particles. Electrophoretic mobility of the particles
showed that all particles except A-MWCNTs were stable at pH of 6. From these results, it is
suggested that the zeta potential of rod-like particle stability is in the limits of 35 − 40 mV. The
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main limitation of the EPD process is the time and electric field that the carbon fiber layers may
undergo without excessive stiffening.
To study the effects of the prescribed method for adding carbon nanoparticles, MRPCs
utilizing the resulting MRFs were manufactured and characterized for mechanical and electrical
properties. Images from chemically etched samples showed some level of agglomeration for
oxidized CNFs, and individual and uniform distribution for amidized CNFs. These results
showed a direct correlation between the distribution before and after manufacturing of the
MRPCs where no significant nanoparticle filtration or washing was observed. Results from
short-beam shear tests indicated an increase in interlaminar shear strength for all MRPC panels
manufactured. This was attributed to the increase in surface roughness of the fiber after EPD of
the nanoparticles, fiber bridging, and mechanical interlocking. It was also found that the shear
stiffness of panels containing A-MWCNTs/A-CNFs increased by 2.5–4x with respect to the base
panel and panels with O-MWCNTs/O-CNFs. Investigation into the fracture surface led to the
conclusion that amine functional groups are able to transfer more load to nanomaterials than
carboxylic acid functional groups. O-MWCNTs and O-CNFs were observed to slide from the
matrix whereas amine-functionalized nanoparticles attach to the matrix due to higher interaction
with the epoxy-amine resin system. Compressive strength values showed that panels with AMWCNTs and A-CNFs had a significant increase in compressive strength, whereas panels with
O-MWCNTs/O-CNFs did not have significant increase. This was attributed to the increase in
shear stiffness of A-MWNCTs/A-CNFs, which prevented the carbon fibers carrying the
compressive load to buckle prematurely. Finally, through-plane electrical conductivity tests
showed that removing the sizing of the carbon fiber layers and depositing the nanoparticles
directly on the surface of the carbon fibers had a significant impact on electrical conductivity,
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increasing its value by approximately 100%. Removal of the epoxy-based sizing increased the
interaction between the A-CNF and the carbon fiber, thus making the panel less resistant to
electron flow.
Through this investigation it was shown that MRPCs can be manufactured with higher
interlaminar shear strength and compressive strength than the base panel. It is important to note
that these property increases were attained without manufacturing difficulties such as increase in
viscosity and void formation. The highest increase in mechanical properties was attributed to an
increase in load transfer and strength at the fiber/matrix interface due to high interaction of the
amine groups with the resin system and also mechanical interlocking. From these results, it is
clear that amine functional groups provide a higher interaction level between the nanoparticles
and the epoxy-based resin system than oxygen containing groups. Another benefit of the MRPC
process is the consistency of the properties of the resulting parts. This was evidenced by the low
coefficient of variation of the sets of specimens tested.
Although CNTs and CNFs have exceptional properties, it is not ascertained whether these
properties were completely harnessed even for the amine-functionalized nanoparticles. Fracture
surface observations suggested that the failure for the base panel was only due to detachment of
the resin from the fiber, whereas for the panels with nanomaterials, it was a combination of this
detachment and resin breakage away from the fiber. Although higher properties were attained for
the MRPC, it is suggested that further increase in the fiber/matrix interface could be obtained by
transferring more load directly to the carbon fibers via covalent bonding of the nanomaterials
with the microfiber (no sizing) and the matrix system. In this way, higher levels of interaction
can be attained between the nanomaterials and the fibers leading to a higher-strength threedimensional reinforcement network.
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Manufacturing of MRPCs containing MWCNTs and CNFs holds great promise for the
future. The realization of MRPCs with optimal properties can only be achieved by overcoming
current manufacturing issues and studying the relation between properties and enhancement
mechanisms. The findings reported herein can be extended to other fiber-reinforced systems
where microfiber/nanoparticle/matrix relationships are fundamental in order to further advance
manufacturing of high-performance materials.
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APPENDIX A
X-RAY PHOTOELECTRON SPECTROSCOPY OF FUNCTIONALIZED MULTI-WALLED
CARBON NANOTUBES AND CARBON NANOFIBERS
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Figure A.1. XPS high-resolution spectrum of O-MWCNTs, C 1s region.
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Figure A.2. XPS high-resolution spectrum of O-MWCNTs, O 1s region.
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Figure A.3. XPS high-resolution spectrum of A-MWCNTs, C 1s region.
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Figure A.4. XPS high-resolution spectrum of A-MWNCTs, N 1s region.
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Figure A.5. XPS high-resolution spectrum of A-MWCNTs, O 1s region.

Hundreds

Carbon Nanofibers
70
60
50

CPS

2.

C

40

C‐C, C‐H
C‐O, C‐N

30

C=O

20

O‐C=O

10
0
305

300

295

290

285

Binding Energy [eV]

280

275

Figure A.6. XPS high-resolution spectrum of O-CNFs, C 1s region.
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Figure A.7. XPS high-resolution spectrum of O-CNFs, N 1s region.
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Figure A.8. XPS high-resolution spectrum of O-CNFs, O 1s region.
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APPENDIX A (continued)
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Figure A.9. XPS high-resolution spectrum of A-CNFs, C 1s region.
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Figure A.10. XPS high-resolution spectrum of A-CNFs, N 1s region.
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Figure A.11. XPS high-resolution spectrum of A-CNFs, O 1s region.
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APPENDIX B
ABSORBANCE SPECTRA FOR FUNCTIONALIZED MULTI-WALLED CARBON
NANOTUBES AND CARBON NANOFIBERS
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Figure B.1. Absorbance spectra for different concentrations of carboxylic acid-functionalized
multi-walled carbon nanotubes in aqueous medium.
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Figure B.2. Absorbance spectra for different concentrations of carboxylic acid-functionalized
carbon nanofibers in aqueous medium.
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APPENDIX B (continued)
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Figure B.3. Absorbance spectra for different concentrations of amine-functionalized carbon
nanofibers in aqueous medium.
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APPENDIX C
MECHANICAL AND PHYSICAL PROPERTIES OF MULTISCALE-REINFORCED
POLYMER COMPOSITES

TABLE C.1.
MECHANICAL, ELECTRICAL, AND PHYSICAL PROPERTIES OF MULTISCALEREINFORCED COMPOSITES

#
1
2
3
4
5
6

Panel Description
Base Panel
O-MWCNTP
O-CNFP
A-MWCNTP
A-CNFP
A-CNFP-No Sizing

Apparent
Interlaminar
Shear Strength
[MPa]
52.99
56.34
57.80
54.45
58.29
59.58

Compressive
Electrical
Strength
Conductivity
[MPa]
[S/cm]
395.93
0.02074
412.24
0.01740
405.55
0.02406
454.44
0.02770
445.01
0.01326
438.37
0.04067
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Fiber
Volume
Fraction
[%]
55.16
46.98
50.09
52.33
51.75
55.81

APPENDIX D

Shear Stress at Mid‐Plain [MPa]

SHEAR STRESS AT MID-PLANE VS. NORMALIZED DISPLACEMENT OF LOAD NOSE
FOR SHORT-BEAM SHEAR TEST SPECIMENS
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Figure D.1. Shear stress at mid-plane of specimens vs. displacement of load nose normalized
with respect to thickness of specimens for base panel.
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Shear Stress at Mid‐Plain [MPa]

APPENDIX D (continued)
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Figure D.2. Shear stress at mid-plane of specimens vs. displacement of load nose normalized
with respect to thickness of specimens for panel containing O-MWCNTs.
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Figure D.3. Shear stress at mid-plane of specimens vs. displacement of load nose normalized
with respect to thickness of specimens for panel containing O-CNFs.
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APPENDIX D (continued)

Shear Stress at Mid‐Plain [MPa]
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Figure D.4. Shear stress at mid-plane of specimens vs. displacement of load nose normalized
with respect to thickness of specimens for panel containing A-MWCNTs.
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Figure D.5. Shear stress at mid-plane of specimens vs. displacement of load nose normalized
with respect to thickness of specimens for panel containing A-CNFs.
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Shear Stress at Mid‐Plain [MPa]
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Figure D.6. Shear stress at mid-plane of specimens vs. displacement of load nose normalized
with respect to thickness of specimens for panel containing A-CNFs in unsized fibers.
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