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ABSTRACT

Carbon Nanofibers (CNFs) are high aspect ratio nanofillers that possess excellent
mechanical and electrical properties. Hence, CNFs have been incorporated into polymer to
fabricate nanocomposites with superior mechanical and electrical properties. Studies have shown
that nanocomposites with superior mechanical and electrical properties can be fabricated with
relatively low concentration of nanofillers by properly aligning them in polymer resins through
AC electric field. In this work, functionalized CNFs have been incorporated into a high-strength
epoxy-based resin and aligned into a preferential direction using AC electric field to tailor
aligned carboxylic-functionalized CNFs (O-CNFs) and amine-functionalized CNFs (A-CNFs)
reinforced polymeric nanocomposites.
Both mechanical and electrical properties were quantified in order to examine the effect
of addition and alignment of functionalized CNFs on the properties of final nanocomposites.
Optical images revealed negligible agglomeration before and after curing of nanocomposites, at
the same time, they showed alignment arrays of functionalized CNFs in the nanocomposites that
were subjected to AC electric field. Additionally, the configuration of alignment for low
concentration of aligned O-CNFs and A-CNFs filled nancomposites was slightly different
compare to aligned nanocomposites with high concentration possibly due to elevated localized
interaction of adjacent functionalized CNFs. An increase of 11.34% in compressive modulus and
8.36% in compressive strength were achieved when adding 3wt% and 4.5wt% of O-CNFs to the
base resin system, respectively. By comparing different concentration of aligned and non-aligned
A-CNFs reinforced nanocomposites correspondingly, it was found that the percentage change of
compressive modulus for aligned A-CNFs filled samples was two to three times higher than nonaligned samples.
vi

Meanwhile, a four order magnitude of reduction in electrical resistivity to 106 Ω.cm was
obtained by aligning the functionalized CNFs in the epoxy resin. Furthermore, the electrical
percolation threshold of aligned O-CNFs filled nanocomposites was estimated to be 0.75wt%. A
possible trend of electrical resistivity of aligned A-CNFs filled nanocomposites was extrapolated
up to 4.5wt% and suggested that the percolation threshold of electrical resistivity would occur at
0.75wt%, which is similar to aligned O-CNFs nanocomposites. Moreover, it is also suggested
that the electrical resistivity of 4.5wt% aligned A-CNFs filled nanocomposites would reduce to
104 Ohm.cm range.
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CHAPTER 1
INTRODUCTION

1.1.

Motivation and Scope
Carbon Nanofibers (CNFs) have received considerable research attention since the late

years of 20th century. CNFs have exceptional mechanical and electrical properties that are
comparable with conventional PAN-based carbon fibers but with a higher specific surface area.
Direct measurements of single CNF’s mechanical properties using MEMS devices [1] and
atomic force microscopy (AFM) [2] revealed a tensile strength of 2.35-2.90 GPa and Young’s
modulus of 6-285 GPa. In addition, several studies showed that the electrical resistivity of
carbonized and graphitized CNFs are as low as 4x10-3 Ω.cm [3] and 5x10-5 Ω.cm [4],
respectively.
Due to their low cost and availability, CNFs have been studied as reinforcements for both
polymeric nanocomposites and advanced fiber-reinforced composites. In the first case, CNFfilled nanocomposites are typically used for EMI shielding [5], electrostatic dissipation (ESD)
[6], automotive industry [7], and even biological applications [8]. In the latter case, CNFs are
incorporated into fiber-reinforced composites to primarily enhance the through-thickness
mechanical and electrical properties [9-15].
Despite of their fascinating characteristics, the use of CNFs in composites has been
limited by several challenges. In order to manufacture composites with superior mechanical
properties, it is crucial to achieve uniform distribution of CNFs in polymer resins so that load can
be evenly distributed to all CNFs. However, it is difficult to uniformly disperse CNFs in polymer
resins due to high aspect ratio and Van der Waals interaction of CNFs that induce CNFs
agglomerate. In addition, CNFs tend to agglomerate during curing of composites even though
1

uniform dispersion is initially achieved in the mixing process. These effects are often detrimental
to CNFs reinforced composites and result in poor mechanical properties. Furthermore, in the
absence of chemical linkage between CNFs and polymer resins, CNFs might slip easily relative
to the matrix when sustaining external load and thus lower the load carrying capability as well as
the effectiveness of load transfer from matrix to CNFs. Since the surface areas of CNFs are
chemically inert, direct chemical bonding between CNFs and polymer resins is unlikely to occur.
Hence, these manufacturing difficulties must be overcome to take full advantage of CNFs in the
aforementioned applications. In order to solve these problems, various mixing and
functionalizing methods such as ultrasonication [16], high mechanical shear mixing [17], twinscrew extrusion [18], acid oxidation [19], and amine-functionalization [20, 21] have been
proposed to improve the quality of dispersion of CNFs in polymer resins as well as the chemical
bonding between CNFs and polymer resins.
In recent years, alignment of CNFs or CNTs in polymer has also been the focus of
research. Studies have shown that excellent mechanical and electrical properties of
nanocomposites can be achieved with relatively low concentration of nanofillers by properly
aligning them into a preferential direction. To date, methodologies such as electric field [22-26],
magnetic field [27, 28], flow-induced [29, 30], in-situ growth [31, 32], and mechanical stretching
[33] have been applied to effectively control the orientations of CNFs or CNTs. Electric field has
proven to be an effective approach in promoting alignment of CNFs or CNTs in organic solvent
and polymer [22-26]. Experiments aimed at aligning CNFs using AC electric field in polymer
resins have so far been restricted to pristine CNFs [25]. Very few studies have reported similar
work using functionalized CNFs, especially amine-functionalized CNFs. Indeed, it has been
demonstrated [20-22] that CNFs or CNTs with amine functional groups grafted on their surfaces
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would enhance the interaction between nanofillers and polymer resins (specifically epoxy based)
which could lead to better mechanical and electrical properties. Furthermore, all the alignment
study of CNFs reinforced nanocomposites tailored by AC electric field had focused only on
electrical properties, none had investigated the mechanical properties, in particular, compressive
strength and modulus, of aligned functionalized CNFs reinforced nanocomposites.
1.2.

Overview of Thesis
The focus of this study is on investigating the mechanical and electrical properties of

polymeric nanocomposites with aligned and non-aligned functionalized-CNFs. As mentioned
earlier, CNFs with unique combination of mechanical and electrical properties are an ideal
building block in fabricating nanocomposites. Although the study of nanocomposites using
CNFs is greatly interesting, there are unknowns that prohibit the full potentials offered by CNFs
remain unsolved. Based on these facts, the specific objectives of this research include:
•

Investigate the dispersion of functionalized CNFs in epoxy resin before and after curing
of nanocomposites using a multiple stage mixing method.

•

Optically characterize the alignment structure of the functionalized CNFs using AC
electric field.

•

Examine the effect of different functionalized CNFs loading on compressive strength,
modulus, and electrical resistivity of nanocomposites.

•

Examine the alignment effect of various functionalized CNFs loading on compressive
strength, modulus, and electrical resistivity of nanocomposites.
This thesis will be presented in the following manner. Chapter 2 provides a compact

background of CNFs and their composites as well as the theoretical consideration of the
alignment induced by AC electric field. In Chapter 3, the details of functionalization of CNFs
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and processing of aligned and non-aligned functionalized CNFs reinforced nanocomposites are
described, followed by the optical, mechanical, and electrical characterization method of their
nanocomposites. Chapter 4 discusses the chemical content of functionalized CNFs, quality of
dispersion and alignment structure of functionalized CNFs in the epoxy resin. Then, the
mechanical and electrical properties of aligned and non-aligned functionalized CNFs reinforced
nanocomposites are presented and discussed in details. Chapter 5 concludes the proposed study
and addresses possible future works.
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CHAPTER 2
LITERATURE REVIEW

2.1.

Carbon Nanofibers (CNFs)

2.1.1.

Structure of CNFs
CNFs are hollow-core filaments that consist of either a single layer (left image) [4] or a

double layer (right image) [34] of graphite planes stacked parallel or at certain angle from the
fiber axis, as shown in Figure 1. Depending on the stacking geometry of graphite planes,
different structures such as parallel [34], bamboo-like [35], and cup- stacked [36, 37] of CNFs
can be obtained.

Figure 1. TEM images of single layer CNF (left) [4] and double
layer CNF (right) [34].

Owing to their micro-scale length and nano-scale diameter, CNFs possess high aspect
ratios (aspect ratio of 250 to 2000) that fill the gap between commercial carbon fibers, Single-
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Walled Carbon Nanotubes (SWCNTs) and Multi-Walled Carbon Nanotubes (MWCNTs), as
described in Table 1.

TABLE 1
DIMENSIONS OF COMMERCIAL CARBON FIBER, CNFs, AND CNTs
Material

Diameter (nm)

Length (µm)

Aspect Ratio

Carbon Fiber [48]

5,000-20,000

3,200

10-50

CNFs [50]

60-200

30-100

250-2,000

SWCNTs [48]

0.6-1.8

0.5-30

100-10,000

MWCNTs [48]

5-50

10-50

100-10,000

A high-resolution transmission electron microscopy (HRTEM) image illustrating the
cross-section of a cup-stacked CNF is shown in Figure 2 [36]. It can be clearly seen that the CNF
has a hollow interior surrounded by concentric cup-stacked graphite planes. Microscopically, the
structural defects on the inside and outside of the CNF are highly reactive, facilitating the
attachment of chemical functional moiety [36]. An attempt of measuring the d-spacing of
graphite planes of single layer CNF was performed by Miyagawa and coworkers [51].
Interestingly, the study highlighted that the d-spacing between two adjacent graphite planes is
0.34 nm, which is close to those of MWCNT and graphite platelets.
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Figure 2. HRTEM image of cross-section of a CNF having cupstacked structure. The inset simulates the cup-stacked structure
[36].

Generally, as-produced CNFs are covered with layers of amorphous carbon and
impurities that might degrade their physical properties; therefore, post heat-treatment such as
carbonization (heat treating CNFs at 1200-1500˚C) or graphitization (heat treating CNFs at
2800-3000˚C) can be applied to further enhance their physical properties. Studies have shown
that the volume resistivity of CNFs after carbonization and graphitization is in the range of 10-3
Ω.cm [3] and 10-5 Ω.cm [4], respectively.
2.1.2.

Synthesis of CNFs
CNFs are synthesized through a bottom-up method. This method involves catalytic

chemical vapor deposition (CVD) of hydrocarbons such as natural gas, propane, acetylene,
benzene, ethylene or carbon monoxide over the surface of metal (Fe, Ni, and Co) or metal alloy
(Ni–Cu, Fe–Ni) catalyst. The catalyst can be deposited on a substrate or directly fed with the gas
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phase feedstock. CVD process is usually performed in a reactor operated at a temperature range
of 500-1500˚C [3].
To date, PYROGRAF® III carbon nanofibers from Applied Sciences Inc., Ohio, USA,
have been the most widely studied CNFs. They are normally synthesized in a gas phase reactor
operated at 1100˚C [3] through the decomposition of hydrocarbon (nucleate and grow) on the
metal catalyst. The CNFs produced by this method have a volume resistivity of about 4 x 10-3
Ω.cm. However, this resistivity can be further decreased through subsequent heat treatment
process [4, 38].
2.1.3.

Functionalization and Heat Treatment of CNFs
In order to produce nanocomposites with enhanced properties, uniform dispersion in the

matrix and desirable fiber-matrix interaction of CNFs are major prerequisites in fabrication
process. Because of their high aspect ratio and Van der Waals interaction, pristine CNFs tend to
agglomerate into macro-visible clusters that act as barriers toward effective load transfer from
the matrix to the nanofibers. This phenomenon could also reduce the wettability of CNFs due to
low available surface area, as illustrated in Figure 3. Hence, novel approaches such as high
temperature air etching [39], acid oxidation [19], and amine-functionalization [20, 21] have been
proposed to improve the dispersion and fiber-matrix compatibility of CNFs.
Finegan and coworkers [39] examined the mechanical properties of CNF reinforced
thermoplastic nanocomposites as a function of surface treatments of CNFs. They found that
fiber-matrix adhesion could be improved by etching the CNFs in air or CO2, obtaining
nanocomposites with better mechanical properties. Although high temperature heat-treated CNFs
possess excellent electrical properties, they adhere poorly to the matrix due to their highly
graphitic structure that are chemically inert.
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Figure 3. Schematic diagrams describing the effect of dispersion
on the wettability of CNFs.

In a study performed by Lakshminarayanan et al. [19], x-ray photoelectron spectroscopy
(XPS) measurements of CNFs oxidized by nitric acid showed 22% of oxygen coverage on their
surfaces. Additionally, the acid-treated CNFs were highly soluble and stable in water. Lafdi and
Matzek [40] obtained highly oxidized CNFs through a liquid process and incorporated them into
epoxy resin. The resultant composites showed significant increase in both mechanical and
thermal properties.
Besides acid oxidation, amine-functionalization has also been introduced to serve both
aforementioned processing issues. Since amine functional groups have similar chemical
characteristics as those of the curing agent, amine-functionalized CNFs can be viewed as a
cocuring agent, which would enhance the interaction between CNFs and epoxy. Prolongo et al.
[20] functionalized CNFs with 4,4’-methylenedianiline through a three-stage technique. As a
result, nanocomposites containing such kind of CNFs were thermally and mechanically

9

improved. More importantly, scanning electron micrographs (SEM) of fractured samples
indicated CNFs pull-out mechanisms as a result of the interaction between CNFs and matrix.
As introduced earlier, heat treatment process can further increase the physical properties
of CNFs. This process takes place by either graphitizing exterior layers of CNFs in the direction
of fiber’s axis at 1500°C or recrystallizing nested graphite planes into discontinuous conical
crystallites at 2800°C, as shown schematically in Figure 4. However, in the latter heat treatment,
the presence of high crystallinity carbon does not yield better physical properties owing to the
grain boundaries in the crystallites [4]. Optimum heat treatment temperatures were reported by
Tibbetts et al. [38] to achieve optimum mechanical (around 1500°C) and electrical (around
1300°C) properties of CNFs. This optimal effect is achieved when the outer layer of CNF is fully
graphitized along the direction of fiber’s axis.

Figure 4. Schematic of evolution of graphite planes in as-produced,
carbonized, and graphitized CNF (top to bottom) as a function of
heat treatment temperature. Each box denotes half of the crosssection of CNF [4].

10

2.1.4.

Characterization of CNFs

2.1.4.1.

Mechanical Properties of CNFs
It is crucial to understand the intrinsic mechanical properties of CNFs in order to

incorporate them into polymer resins to fabricate CNFs reinforced nanocomposites. Because of
the structural complexity of CNFs derived from variations in inner and outer wall thickness, cone
angle, orientation of graphite planes, and C-C bonds, determination of their mechanical
properties had posted considerable difficulties. To date, direct measurements of tensile properties
of CNFs are accessible only with the aid of appropriate assumptions and simplifications. Table 2
summarizes typical tensile strength and modulus of commercial carbon fibers, CNFs, SWCNTs,
and MWCNTs.

TABLE 2
TYPICAL TENSILE PROPERTIES OF CARBON FIBERS, CNFs, AND CNTs
Material

Tensile Strength (GPa)

Tensile Modulus (GPa)

Carbon Fibers

4.44-6.14 [41]

221-305 [41]

CNFs

2.35-2.9 [1]

6-285 [2]

SWCNTs

93-112 [47]

1500 [48]

MWCNTs

150 [49]

1000 [48]

Tanil et al. [1] performed direct measurements (Figure 5) of tensile strength and modulus
of three different types of CNFs (PR-24-XT-PS, PR-24-XT-HHT-LD, and PR-24-XT-HHT-LDOX). Since the inner diameter of CNFs could not be accurately measured, only the outer
diameters were used to determine the nominal strength. From the analysis, it was shown that the
average tensile strength and modulus of PR-24-XT-PS were 2.9 GPa and 180 GPa, respectively;
whereas PR-24-XT-HHT-LD posed average tensile strength of 2.35 GPa and tensile modulus of
11

245 GPa. In addition, it was found that the standard deviation of PR-24-XT-HHT-LD’s strength
decreased compared to PR-24-XT-PS, suggesting that the heat treatment aligned the outer
turbostratic layers and eventually reduced the flaw distribution.

Figure 5. MEMS-based tensile measurement platform with CNF
[1].

Another mechanical properties measurement of CNFs was achieved by Joseph et al. [2]
via three-point-bending method. In that work, CNFs were mounted on copper grid through the
deposition of platinum pads by focused ion beam (FIB), then an AFM probe with cantilever was
used to applied concentrated force on the midspan of CNFs (middle section of two platinum
pads). The results showed that the elastic modulus of CNFs ranged from 6 to 207 GPa with
improved accuracy and reproducibility. The authors concluded that those well-aligned graphite
layers of outer wall that were closest to the inner wall were responsible for strength of CNFs.
Furthermore, for CNFs wall thicknesses of greater than 80 nm, the elastic modulus appeared to
be independent of wall thickness.
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2.1.4.2.

Electrical Properties of CNFs
It is of great importance to establish knowledge related to intrinsic electrical properties of

CNFs before adding them into polymer resins to manufacture conductive nanocomposites.
Typically, as-produced CNFs contain layers of amorphous carbon and impurities that degrade
their electrical properties; therefore, depending on types of application, either post heat treatment
or functionalization is required to increase the crystallinity or eradicate the impurities of CNFs.
Heremans et al. [42] measured the electrical resistivity of CNFs as a function of heat treatment
temperature. The result showed that the electrical resistivity of CNFs heat treated at 2900°C was
as low as 6.8 x 10-5 Ω.cm. Endo and coworkers [43] assessed the electrical resistivity of shortVGCNFs via a four-point-probe method. They claimed that the electrical resistivity of CNFs
were in the range of 10-3 and 10-4 Ω.cm after carbonization and graphitization, accordingly.
2.2.

CNF-Enhanced Polymer Nanocomposites
As mentioned in the previous section, CNFs with outstanding physical properties are

promising materials that serve as building block in reinforcing polymeric nanocomposites.
Numerous studies have shown that the integration of CNFs into polymer resins had effectively
enhanced the mechanical and electrical properties of neat resins.
Lafdi and Matzek [40] produced nanocomposites with Epon 862 epoxy resin using three
different types of CNFs. The flexural modulus and yield stress of 4wt% oxidized CNFs filled
nanocomposites were 137% and 35% higher than the neat resin, respectively. The authors also
reported that CNFs loading as high as 12wt% was the onset of degradation of mechanical
properties due to difficulties in dispersing CNFs. In a different study, the same authors [44]
addressed the mechanical and electrical properties of nanocomposites as a function of
electrochemical treatment time of CNFs. In terms of flexural mechanical properties, it was found
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that 12wt% of CNFs oxidized for 12 minutes exhibited maximum enhancement. On the other
hand, the electrical conductivity of nanocomposites decreased with increasing oxidation time of
CNFs. According to the authors, such effect might be due to the increase in oxygen content that
cause the formation of narrow insulating layers along the CNFs surfaces.
Other mechanical property investigation involving high CNFs loading in polymer was led
by Choi et al. [45] using high and low viscosity epoxy resins. Even though 20wt% of CNFs was
successfully incorporated into the resin, the resultant tensile strength and modulus were not at
their optimum level. In fact, the maximum tensile strength and modulus were achieved at loading
of 5wt% in both high (approximately 14.5% and 82% increase in strength and modulus,
respectively) and low (approximately 11% and 89% increase in strength and modulus,
respectively) viscosity resins. In addition, the electrical resistivity of high and low viscosity
resins filled with 20wt% of CNFs decreased to 102 and 101 Ohm.cm range, accordingly.
Ahn et al. [21] utilized amine-functionalized CNFs to prepare epoxy-based
nanocomposites. The tensile test revealed that 260% of enhancement in tensile modulus was
obtained at CNFs loading of 12.8wt%; while 136% of improvement in tensile strength was
obtained at CNFs loading of 6.4wt%. These results were further confirmed by SEM images and
indicated robust fiber-matrix interface due to chemical interaction between CNFs and epoxy
resin. In terms of electrical properties, the authors were able to increase the conductivity of
nanocomposites to 3.19 x 10-2 S/cm by incorporating 12.8wt% of CNFs into the epoxy.
Mahfuz et al. [27] and coworker infused 1wt% of CNFs into SC-15 epoxy and cured the
nanocomposites with the application of magnetic field which intended to promote alignment of
CNFs in the nanocomposites. This approach yielded an increase of 40% and 55% in compressive
strength and modulus, respectively, compared to neat epoxy. Rather, in the absence of magnetic
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field, the strength and modulus CNF-filled nanocomposites were 17% and 50% higher than neat
resin, correspondingly, in which case the significance of alignment in nanocomposites had been
highlighted.
Prasse et al. [25] performed alignment of as-grown CNF-doped epoxy induced by AC
electric field. The authors reported a maximum anisotropy of electric resistance (ratio of
electrical resistance perpendicular to the electric field to electrical resistance parallel to the
electric field), which is an indication for electric conductivity formation in fiber and transverse
direction, of 10 at fiber content of 1wt%. Furthermore, the addition of 1wt% of CNFs into epoxy
reduced the electrical resistance of nanocomposites down to the electrostatic dissipation range
(107 Ω.cm).
2.3.

AC Electric Field Induced Alignment
Theoretically, an individual CNF (or CNT) with substantial conductivity can be modeled

as a cylinder or prolate spheroid to describe its alignment mechanism. When external electric
field is applied, CNF will be polarized and eventually most of the electric charge will concentrate
on both ends of the CNF, as illustrated in Figure 6. Thus, a dipole moment or torque (TE) is
introduced to overcome the localized viscous drag of the liquid, allowing the CNF to align in the
direction of electric field (EF). The magnitude of dipole moment is governed by the magnitude
and the frequency of applied electric field [24]. In addition, since the CNF is functionalized, the
external electric field will also generate translational force that moves the CNF in the direction of
electric field, which usually occurs after certain period of time [22].
It was demonstrated that pristine CNFs could align in polymer when subjected to external
electric field [25]. For 0.2wt% pristine CNFs, they agglomerated and aligned into a web-like
structure upon the application of AC electric field. During the experiment, they found that the
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AC conductance in the sample increased from 0.4 nΩ-1 to 1.3 nΩ-1, which indicated the
formation of weakly conductive network.

Figure 6. Schematic illustration of AC electric field alignment
mechanism. The inset of the figure shows the distribution of
electric charges.

Earlier AC electric field induced alignment involving CNTs were accomplished by using
dimethylformamide (DMF) [24] and isopropyl alcohol (IPA) [46] as solvents. SEM images
verified that the alignment of CNTs arrays were almost perpendicular to electrodes. At the same
time, CNTs could also be purified at high frequency AC electric field. In addition, AC electric
field had also been utilized to align MWCNTs [22, 23] and SWCNTs [26] in polymer resins. The
presence of alignment was confirmed by SEM and optical images as well as polarized Raman
spectroscopy. Mechanical and electrical properties of aligned nanocomposites were improved to
certain extent relative to non-aligned sample. It was also shown that the percolation threshold of
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electrical resistivity occurred at even lower concentration when the nanocomposites were
tailored with electric field.
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CHAPTER 3
TECHNICAL APPROACH

3.1.

Material
The materials used in this study were diglycidyl ether of bisphenol F epoxy resin (EPON

862) and diethyl toluene diamine curing agent (EPIKURE-W) from HEXION Specialty
Chemicals. The components were mixed in a ratio of 100 parts resin to 26.4 parts curing agent
by weight.
The CNFs used in this study were PR-24-XT-PS carbon nanofibers from Applied Science
Inc. According to the supplier, the as-received CNFs (AR-CNFs) had a diameter of
approximately 100 nm and length of 30-100 µm, containing iron impurity content of less than
14,000 ppm. Due to their Van der Waals forces and high aspect ratio, AR-CNFs tend to
agglomerate and result in poor dispersion in solvent or polymer resins. Hence, further chemical
functionalizations (section 3.2) were required in order to improve the quality of dispersion and
bonding with the resin. All chemicals were obtained from Fisher Scientific and used as-received.
Figure 7 shows the molds for curing nanocomposites. In order to cure the mechanical test
samples, two-part RTV Silicon casting compounds were mixed in a ratio of 100 parts silicone to
10 parts hardener by weight. The mixture was then casted into a dye and cured for 24 hours at
room temperature. Subsequently, the mold was further cured for 1 hour at 204 °C to achieve
better hardness. For curing electrical resistivity test samples, the as-received Teflon block was
machined to desired dimensions. Note that the dimensions of the molds were identical to the
dimensions of the samples (section 3.3.2.1 and 3.3.2.2). These materials were chosen to make the
molds because of their high electrical resistivity and temperature resistance.
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Figure 7. Teflon block (white) and RTV silicon (blue) molds for
curing nanocomposites.

3.2.

Functionalization of CNFs

3.2.1.

Carboxylic-Functionalization
Figure 8 illustrates the schematic of functionalization. The carboxylic-functionalization

employed herein was obtained elsewhere [13] and will be briefly described. 2.5 g of AR-CNFs
were mixed with 500 mL of nitric acid in a round bottom flask and sonicated for 20 minutes at
high power (170 W). The solution was then refluxed and stirred at 260°C for 4 hours. After that,
the carboxylic functionalized-CNFs (O-CNFs) were filtered out using 0.45 µm pore size filter
paper, rinsed continuously with reverse osmosis water, acetone, and ultra pure deionized water
until chemically neutral and dried in an oven at 100°C with vacuum overnight. O-CNFs were
then cryogenically grinded and stored in a desiccator until further use.

19

Figure 8. Functionalization schematic of O-CNF and A-CNF.

3.2.2.

Amine-Functionalization
The amine-functionalization procedure was adapted elsewhere [14]. Basically, this

procedure consisted of two steps (refer to Figure 8). First, AR-CNFs were functionalized
according to the procedures described in section 3.2.1 to obtain O-CNFs. Second, 5 g of O-CNFs
were mixed with 80 mL of thionyl chloride (SOCl2) and 4 mL of dimethylformamide (DMF)
through water bath sonication (80 W for 20 min). The mixture was then heated to 65°C for 24
hours. After that, the mixture was distilled and the remaining CNFs were mixed with 100 mL of
ethylenediamine and 5 mL of DMF followed by heating and stirring for 48 hours at 100°C. The
mixture was then allowed to cool to room temperature, diluted in ultrapure water, filtered (0.45
µm pore size filter), and vacuum dried overnight at 60°C. After drying, the aminefunctionalized-CNFs (A-CNFs) were also cryogenically grinded and kept in a desiccator until
further processing.
3.3.

Preparation of CNF-Enhanced Nanocomposites
Figure 9 shows the schematic of proposed mixing method. The mixing was begun by

sonication of functionalized CNFs, followed by evaporation of solvent. Then, two-stage high
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shear mixing and centrifugal mixing were used to evenly distribute the functionalized CNFs in
the epoxy resin. After that, the mixture was casted and degassed to remove air trapped in the
mixture and cured with (aligned nanocomposites) or without (non-aligned nanocomposites) the
application of AC electric field. Details of each process are included in the following sections.

Figure 9. Schematic of proposed mixing method and preparation of
functionalized CNF-enhanced nanocomposites.
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3.3.1.

Dispersion of CNFs in Epoxy Resin

3.3.1.1.

Carboxylic-Functionalized Carbon Nanofibers (O-CNFs)
Specific amounts (0.25, 0.5, 0.75, 1.5, 3, and 4.5wt%) of O-CNFs were first sonicated

with 150 mL acetone for 10 minutes at high power (170W), followed by evaporation of acetone
in an oven until it became semi-dry mixture. 185.92 g of epoxy resin was added to the mixture
and hand-stirred to saturate the O-CNFs. Then, the epoxy/O-CNFs mixture was homogenized in
a water bath using a homogenizer at 3 different speeds (9,500 rpm for 2 minutes, 17,500 rpm for
6 minutes, and 24,000 rpm for 7 minutes) for 15 minutes intended to disentangle the large
agglomerates.
Subsequently, the epoxy/O-CNF mixture was calendered by passing it through a threeroll-mill set at 3 different combinations of gap sizes and speeds (20 & 10 µm at 200 rpm, 15 &
7.5 µm at 250 rpm, and 10 & 5 µm at 300 rpm). Due to high shear forces between the rollers, the
CNFs can be evenly dispersed in the epoxy. After that, 49.08 g of curing agent was added to
epoxy/O-CNFs blend and mixed using a centrifugal mixer for 4 repetitions at 2,000 rpm (each
repetition consisted of 5 minutes of mixing with vacuum and 5 minutes of cooling at room
temperature). During the centrifugal mixing process, a non-intrusive type of mixing was
introduced to equilibrate the mixture and vacuum was applied to remove air bubbles.
3.3.1.2.

Amine-Functionalized Carbon Nanofibers (A-CNFs)
Different concentrations (0.25, 0.5, 0.75, and 1.5wt%) of A-CNFs were first sonicated

with 150 mL of ethanol for 3 minutes at medium power (80W). Then, 118.7 g of epoxy resin
previously heated (to reduce the viscosity) was added to the mixture and sonicated for additional
10 minutes followed by evaporation of ethanol with the assistance of mechanical stirrer on a hot
plate. This mixing method was different from section 3.3.1.1 due to two reasons. First, since the
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sonication input was lower than the input used in section 3.3.1.1, additional stirring was required
to stabilize the mixture so that the formation of large agglomerate could be avoided. Second,
because ethanol has higher boiling point than acetone, the evaporation process will take longer
and this may induce agglomerates. Therefore, this process was done with mechanical stirring to
accelerate evaporation of ethanol and maintain uniform dispersion. Subsequently, the blend was
cooled in freezer for 10 minutes to drastically increase viscosity of the blend, facilitating
subsequent mixing process. The epoxy/A-CNF mixture was then homogenized and calendered
using the same method described in section 3.3.1.1. Afterward, 31.3 g of curing agent was added
to epoxy/A-CNFs blend and mixed using a centrifugal mixer for 4 repetitions at 2,000 rpm (each
repetition consisted of 5 minutes of mixing with vacuum and 5 minutes of cooling at room
temperature).
3.3.2.

Fabrication of Nanocomposites

3.3.2.1.

Mechanical Test Sample
After centrifugal mixing, the mixture was casted into an in-house made silicone rubber

mold followed by additional degassing process in vacuum for 15 minutes to remove air that were
introduced during casting process. Two stainless steel plates were used as electrodes to apply AC
electric field. The AC electric field was delivered using a combination of function generator
(GW Instek) and high voltage amplifier (Trek Inc.), as shown in Figure 10. The output was set to
be 2,000 VAC (field strength of 630 V/cm) at 2,000 Hz. The alignment process was held for 20
minutes at 100ºC, followed by a constant ramp rate of 3ºC/min to 177ºC with the electric field
applied until the resin gelled. The sample was allowed to cure at 177ºC for 3 hours. The final
dimensions of the all samples were approximately 63.5 mm x 31.75 mm x 19.05 mm.
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Figure 10. AC electric field setup.

3.3.2.2.

Electrical Test Sample
To make the electrical test sample, the mixture was casted into a machined Teflon block

and subjected to further degassing process in vacuum for 15 minutes. Two aluminum plates were
used as electrodes to apply AC voltage of 504 VAC (field strength of 630 V/cm) at 2,000 Hz.
The alignment process took place for 20 minutes at 100ºC, followed by a constant ramp rate of
3ºC/min to 177ºC with the electric field applied until the resin gelled. The electrical test sample
was allowed to cure at 177ºC for 3 hours. The resulting dimensions of sample were roughly 25.4
mm x 8 mm x 12.7 mm.
3.3.3.

Specimen Preparation
All test specimens were machined using a Chevalier precision cutting machine. Since the

thickness of the sample was high, a layer-by-layer trimming method was adapted to ensure the
24

flatness of each specimen. The dimensions of compression and electrical test specimens were
12.7 mm x 12.7 mm x 25.4 mm and 6.45 mm x 6.45 mm x 2 mm, respectively. All electrical test
specimens were coated with silver paint to provide better contact between electrodes and
surfaces of the specimens.
3.4.

Characterization
Optical images of alignment structures and dispersion of functionalized-CNFs were

captured using Zeiss microscope at magnification of 250x. The compression test was performed
according to ASTM D695-02 using an MTS testing machine. Electrical resistivity test was
measured based on two-point method with a Keithley Digital Multimeter.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1.

Infrared Spectra
Infrared spectra of the AR-CNFs, O-CNFs, and A-CNFs are shown in Figure 11 [14].

Top spectrum in Figure 11 shows insignificant change absorbance for AR-CNFs since there was
no chemical functional group grafted on their surfaces. In contrast, middle spectrum in Figure 11
confirms the presence of carboxylic acid groups on the surfaces of O-CNFs. The peaks at
wavelength of approximately 1,738 cm-1, 1,216 cm-1, and 2,969 cm-1 assigned to the vibration
frequencies of C=O, C-O, and O-H bonded to the C=O, respectively. Bottom spectrum in Figure
11 verifies the presence of amine functional groups on the surfaces of A-CNFs. The peak
appeared at wavelength of approximately 3,180 cm-1 can be allocated to the existence of amine
group (-NH2). The peak at 1,624 cm-1 suggests the presence of the carbonyl group of the amide
linkage that appeared 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 can be attributed to 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 11. Infrared spectra of AR-CNFs, O-CNFs, and A-CNFs
(from top to bottom) [14].

4.2.

Thermo Gravimetric Analysis (TGA)
TGA plots of AR-CNFs, O-CNFs, and A-CNFs are shown in Figure 12 [14]. Once again,

since there was no chemical functional group grafted on their surfaces, no significant weight loss
was identified for AR-CNFs over the entire temperature range. On the contrary, O-CNFs and ACNFs showed considerable weight loss over the same temperature range. At temperature
between 40°C to 110°C, the weight loss of approximately 2.5% for both O-CNFs and A-CNFs
could be recognized as moisture absorbed by them. At around 220°C, an inflection point was
observed for both O-CNFs and A-CNFs with total weight loss of approximately 7% and 10%,
respectively. From the figure, since amine functional groups had higher molecular weight than
carboxylic acid functional groups, A-CNFs would experience higher weight loss relative to OCNFs.
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Figure 12. TGA plots of AR-CNFs, O-CNFs, and A-CNFs [14].

4.3.

Dispersion and Morphology of Alignment of CNFs
Before studying the morphology of alignment, it is necessary to inspect the quality of

dispersion of CNFs in the resin before and after curing of nanocomposites. Figure 13 shows the
dispersion of 0.5wt% O-CNFs in the resin before (left image) and after (right image) curing. It
can be clearly seen that most of the O-CNFs were uniformly dispersed within the occupied space
in the resin, at the mean time, similar quality of dispersion can also be seen in the cured
nanocomposites, suggesting negligible agglomeration throughout the entire cure cycle.
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Figure 13. Dispersion of 0.5wt% O-CNFs in epoxy before (left)
and after (right) curing.

Figure 14 and 15 illustrate the dispersion of 1.5wt% and 4.5wt% of O-CNFs in the resin
before (left images) and after (right images) curing, respectively. Even though the concentration
of O-CNFs was increased by three fold, uniform dispersion of O-CNFs in the resin can still be
attained before curing, confirming the effectiveness of the mixing method. After curing,
evidence of individual O-CNFs can still be found in the nanocomposites due to their stability in
the resin. This phenomenon is particularly interesting because such quality of dispersion not just
derived from the mixing method, but also from the carboxylic-acid groups grafted on the OCNFs surfaces. Eventually, the repelling forces caused by the functional groups among adjacent
O-CNFs lead to the stability required to achieve uniform dispersion.
A-CNFs dispersion in the resin before and after curing was also assessed in order to
verify the effectiveness of the mixing method, as shown in Figure 16 and 17. Despite of the
difference in functional groups on their surfaces, dispersions of A-CNFs were almost identical to
O-CNFs at 0.5wt% and 1.5wt%. Microscopically, the average length of both types of CNFs has
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significantly reduced to 10-15 µm as a result of chemical functionalization and rigorous
mechanical shear mixing. Based on this, the aspect ratio of functionalized-CNFs was estimated
to be 100-150. In addition, no significant O-CNFs and A-CNFs clusters were observed which
could be attributed to repeated micro-gap shear mixing during homogenization and calendering
process.

Figure 14. Dispersion of 1.5wt% O-CNFs in epoxy before (left)
and after (right) curing.
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Figure 15. Dispersion of 4.5wt% O-CNFs in epoxy before (left)
and after (right) curing.

Figure 16. Dispersion of 0.5wt% A-CNFs in epoxy before (left)
and after (right) curing.
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Figure 17. Dispersion of 1.5wt% A-CNFs in epoxy before (left)
and after (right) curing.

Before looking at the morphology of alignment, two experiments were conducted in
order to acquire the voltage input necessary for aligning functionalized CNFs. Figure 18 and 19
show the optical images of 0.25wt% O-CNFs aligned at 1 kV and 2 kV, respectively. At 1 kV,
O-CNFs in nanocomposites had the tendency to align along the direction of AC electric field.
However, because of relatively lower electric field, not all O-CNFs were able to align prior to the
gel point of the resin. At 2 kV, O-CNFs seemed to align better and micro-scale O-CNFs bundles
were formed as a result of lateral agglomeration. It is crucial to mention that the mechanism of
lateral agglomeration herein is not the same as the way pristine CNFs agglomerate. In the former
case, the agglomeration arises due to attraction of opposite electric charges in adjacent CNFs
even though CNFs were functionalized; conversely, in the latter case, agglomeration occurs
owing to low surface charge of pristine CNFs. This effect has previously been observed in the
case of functionalized CNTs [22] and the proposed theory is applicable in this study. A
schematic diagram illustrating the evolution of lateral agglomeration of functionalized CNFs is
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presented in Figure 20. When subjected to external electric field, both O-CNFs and A-CNFs will
be polarized and cause a redistribution of electric charge near the ends of CNFs. This will
eventually lead to rotation of CNFs and cause the interaction of adjacent CNFs. When this
happens, opposite electric charges on each CNF will attract each other and force the local CNFs
to move closer, thus, micro-scale bundles are formed. Rather, being interconnected, it is believed
that CNFs in the bundles are maintaining sufficient distance to reach electric force equilibrium.

Figure 18. Alignment network of 0.25wt% O-CNFs at 1 kV (the
red arrow denotes the direction of electric field).
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Figure 19. Alignment network of 0.25wt% O-CNFs at 2 kV (the
red arrow denotes the direction of electric field).

Figure 20. Schematic diagram showing the evolution of O-CNFs or
A-CNFs lateral agglomeration when subjected to electric field. The
oval shape “
” in the top right diagram shows the possible
interaction between opposite electric charge of adjacent CNFs.
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As the loading of O-CNFs in the epoxy increases, the alignment network became denser
and thinner, shown progressively in Figures 21, 22, and 23. At low O-CNFs loading (0.25wt%
and 0.5wt%), thick individual O-CNFs bundles were observed; whereas, at high O-CNFs loading
(1.5wt% and 4.5wt%), O-CNFs aligned into a dense web-like network, especially in the case of
4.5wt%. Since the amount of O-CNFs per unit volume was higher at 4.5wt%, this automatically
elevated the interactive activity of adjacent O-CNFs upon the application of electric field and
thus, more O-CNFs bundles can be identified.

Figure 21. Alignment network of 0.5wt% O-CNFs at 2 kV (the red
arrow denotes the direction of electric field).
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Figure 22. Alignment network of 1.5wt% O-CNFs at 2 kV (the red
arrow denotes the direction of electric field).

Figure 23. Alignment network of 4.5wt% O-CNFs at 2 kV (the red
arrow denotes the direction of electric field).
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Figures 24 and 25 illustrate the alignment structure of 0.5wt% and 1.5wt% of A-CNFs in
epoxy resin at 2 kV. Interestingly, the alignment network of A-CNFs in the resin exerted similar
morphology as O-CNFs despite of different functional groups. This finding suggests that the
alignment of functionalized-CNFs is independent of the functional groups attached to them.
However, the alignment arrays of AR-CNFs should be distinct from functionalized CNFs due to
the absence of repulsive force from functional groups, in which case lateral agglomeration might
be more pronounced for AR-CNFs.

Figure 24. Alignment network of 0.5wt% A-CNFs at 2 kV (the red
arrow denotes the direction of electric field).
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Figure 25. Alignment network of 1.5wt% A-CNFs at 2 kV (the red
arrow denotes the direction of electric field).

4.4.

Mechanical Properties

4.4.1.

Carboxylic-Functionalized CNF-Enhanced Nanocomposites
All the O-CNFs reinforced samples showed increase in compressive strength with respect

to the base material, as depicted in Figure 26. Interestingly, the changes of strength for both
types of samples behaved exponentially which might designate the percolation behavior of
compressive strength, as described in Figure 27. The compressive strength of samples containing
4.5wt% O-CNFs with and without electric field increased by 8.36% and 6.09%, respectively,
over the neat resin. An obvious difference can be clearly drawn in the O-CNFs samples that were
subjected to electric field (OCNF-EFS) compare to those without electric field (OCNF-NFS).
Throughout the entire range of loading of O-CNFs in the resin, the strength of OCNF-EFS was
higher than OCNF-NFS, indicating the contribution of alignment towards strength.
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Because of the presence of alignment in OCNF-EFS, as shown in earlier section, the
compressive load can be effectively transferred to O-CNFs that were parallel to the loading
direction than randomly oriented O-CNFs. At 0.25wt%, there was a negligible enhancement
between OCNF-EFS and OCNF-NFS, suggesting that the amount of material is insufficient to
strengthen the nanocomposites despite of the presence of aligned network. However, beyond
0.25wt%, the difference was more pronounced for each loading.
From Figures 28 and 29, it can be noticed that the compressive modulus of all O-CNFs
reinforced samples increased to certain extent which can be attributed to uniform dispersion of
O-CNFs in the resin. In contrast to strength, the changes of modulus for both types of samples
exerted a linear trend until 3wt%. The modulus of 3wt% OCNF-EFS and OCNF-NFS increased
by 11.37% and 7.44%, correspondingly, over the neat resin. Like strength, the modulus of
OCNF-EFS was higher than OCNF-NFS for all concentration of O-CNFs in resin, which can
also be explained by the presence of alignment network. At 0.25wt%, the change of modulus was
significant for OCNF-EFS compare to OCNF-NFS, confirming the effectiveness of alignment
towards the enhancement of modulus at low concentration of O-CNFs in the resin, even though
the strength of nanocomposites remain approximately unchanged. In terms of strength, it was
found that the addition of 3wt% O-CNFs to the resin was the onset of achieving higher increase;
whereas, in terms of modulus, the addition of 3wt% O-CNFs to the resin was the onset of
achieving slightly lower enhancement.
Although Mahfuz et al. [27] reported an increase of 40% and 55% in compressive
strength and modulus of pristine CNFs reinforced nanocomposites aligned by magnetic field, the
compressive strength and modulus of neat resin were much lower. Under such circumstances, the
addition of high strength and modulus CNFs would greatly enhance the mechanical properties of
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neat resin. However, in this investigation, the compressive strength and modulus of the epoxy
resin used were higher than the one in [27]. Therefore, the percentage change of strength and
modulus for all aligned and non-aligned O-CNFs reinforced nanocomposites was not significant.
This finding could be explained by the insufficient amount of O-CNFs required to significantly
change the strength and modulus of neat resin.
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Figure 28. Compressive modulus of samples containing different
amount of O-CNFs with and without electric field. The error bars
denote the standard deviation.
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4.4.2.

Amine-Functionalized CNF-Enhanced Nanocomposites
Generally, the trend of compressive strengths of A-CNFs filled nanocomposites were

similar to O-CNFs reinforced nanocomposites, as shown in Figure 30. The strength of samples
that contained 1.5wt% A-CNFs with (ACNF-EFS) and without (ACNF-NFS) electric field
increased by 6.43% and 4.04%, respectively, over the neat resin. From Figure 31, as expected,
the strengths of ACNF-EFS were higher than ACNF-NFS, confirming the significance of
alignment network towards load transfer. Furthermore, the additions of A-CNFs enhanced the
strength of resin in the absence of electric field; however, the enhancements seemed to reach a
plateau value as the loading of A-CNFs increased to 1.5wt%. In contrast, gradual increases were
observed for ACNF-EFS until 0.75wt%, then the rate change of strength increased at 1.5wt%.
This means that further increase of A-CNFs loading of ACNF-EFS might lead to even better
strength provided that A-CNFs can be uniformly dispersed in the resin.
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As mentioned in previous section, the grafting of amine functional groups would improve
the compatibility between CNFs and matrix. From Figure 32, when comparing 1.5wt% OCNFNFS, OCNF-EFS, ACNF-NFS, and ACNF-EFS, better enhancement in compressive strength
could be achieved through ACNF-NFS and ACNF-EFS, which further support the
aforementioned theory.
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denote the standard deviation.
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Figures 33 and 34 illustrate the compressive modulus and percentage change of
compressive modulus of all A-CNFs samples. Interestingly, the compressive modulus of 1.5wt%
ACNF-EFS and ACNF-NFS increased by 9.67% and 4.01%, respectively, over the neat resin.
Like compressive strength, the addition of A-CNFs also enhanced the modulus of the neat resin.
By comparing different concentrations of ACNF-NFS with OCNF-NFS, respectively, it can be
found that the percentage change of modulus for ACNF-NFS was lower than OCNF-NFS. This
could be ascribed to the higher molecular weight of A-CNFs. Since the amount, for example
1.5wt%, of A-CNFs per unit volume in the resin was lower than the amount of O-CNFs, lower
modulus was obtained.
Another interesting observation can also be drawn by comparing the percentage change
of modulus for different concentrations of ACNF-EFS with ACNF-NFS. From Figure 34, it was
found that the percentage change of modulus for ACNF-EFS was two to three times greater than
ACNF-NFS. This finding can again be explained by the enhanced compatibility between ACNFs and the resin.
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In terms of compressive modulus, in Figure 35, 1.5wt% ACNF-NFS was slightly weaker
than OCNF-NFS. On the contrary, the modulus of ACNF-EFS was higher than OCNF-EFS.
Even though the amount per unit volume of A-CNFs that filled the neat resin might be lesser
than O-CNFs, the difference in modulus between ACNF-EFS and OCNF-EFS is suggested to be
motivated by the aligned network. Overall, the application of electric field certainly enhanced
not just the strength of A-CNFs reinforced nanocomposites, but also the modulus.
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Figure 35. Comparison of compressive modulus of 1.5wt% OCNFNFS, OCNF-EFS, ACNF-NFS, and ACNF-EFS. The error bars
denote the standard deviation.

4.5.

Electrical Resistivity

4.5.1.

Carboxylic-Functionalized CNF-Enhanced Nanocomposites
Figure 36 shows the electrical resistivity of OCNF-EFS and OCNF-NFS nanocomposites.

Note that the electrical resistivity of neat epoxy (3.28 x 1010 Ω.cm) was obtained elsewhere [44].
For the non-aligned samples, the addition of 0.25wt% O-CNFs reduced the electrical resistivity
to 109 Ω.cm, which was approximately one order of magnitude lower than the neat resin;
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however, further increase in O-CNF loading in epoxy did not alter the electrical resistivity
significantly, as can be seen in Figure 36. This could be due to the addition of 4.5wt% O-CNFs
has not reached the percolation threshold of electrical resistivity. In fact, Prasse et al. [25]
reported that the percolation threshold of electrical resistivity would not occur until 6wt% of
CNFs in the resin without the application of electric field. In addition, according to Ahn et al.
[21] and Khalid et al. [44], aspect ratio and oxygen content of functionalized CNFs are the
governing factors of percolation threshold of electrical conductivity. Particularly, the lower the
aspect ratio is, the higher the amount of functionalized CNFs is required to reach percolation
threshold; the higher the oxygen content is, the higher the electrical resistivity of functionalized
CNFs is. Based on these relations, it is believed that the percolation threshold of OCNF-NFS
might occur at concentration higher than 6wt% owing to the low aspect ratio and higher oxygen
content of O-CNFs during functionalization process.
In the case of aligned samples, the electrical resistivity also decreased to approximately
109 Ω.cm at loading of 0.25wt% O-CNFs but at slightly lower magnitude, this might be due to
insufficient amount of O-CNFs to trigger percolation threshold albeit the formation of alignment
network. As the loading of O-CNFs in the resin increased, the decrease in resistivity became
prominent and percolation threshold was observed to occur at 0.75wt% O-CNFs. This trend
followed the result reported by Prasse et al. [25] quite well except with slightly different
resistivity values, which might be also due to lower aspect ratio and higher oxygen content of OCNFs. Additionally, the resistivity at 1.5wt% descended into 107 Ω.cm range, which is the region
where electrostatic dissipation takes place, and was further decreased to 106 Ω.cm at loading of
4.5wt% O-CNFs. Hence, a reduction of four orders magnitude in electrical resistivity was
achieved by fabricating 4.5wt% aligned O-CNFs filled nanocomposites.
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Figure 36. Electrical resistivity of O-CNFs nanocomposites as a
function of loading.

4.5.2.

Amine-Functionalized CNF-Enhanced Nanocomposites
Figure 37 shows the electrical resistivity of ACNF-EFS and ACNF-NFS nanocomposites.

For non-aligned samples, the addition of 0.25wt% of A-CNFs reduced the electrical resistivity to
109 Ω.cm, which was also approximately an order of magnitude lower than neat resin. Similarly,
further increase in A-CNFs loading in the resin did not modify the electrical resistivity
considerably, as can be seen in Figure 37, showing an electrical behavior similar to OCNF-NFS.
By taking a closer look at the resistivity values, it was found that ACNF-NFS was slightly less
resistive than OCNF-NFS. However, because of lower aspect ratio and higher oxygen content of
A-CNFs during functionalization process, it is also believed that percolation threshold of ACNFNFS might occur at concentration higher than 6wt%.
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For aligned samples, the electrical resistivity decreased to slightly lower than 109 Ω.cm at
loading of 0.25wt% A-CNFs, which indicated the formation of weakly conductive network in the
nanocomposites. The resistivity at 0.75wt% dropped to 107 Ω.cm range and was further
decreased to 106 Ω.cm at loading of 1.5wt% A-CNFs. Therefore, a four order magnitude
reduction in electrical resistivity was achieved by tailoring 1.5wt% A-CNFs filled
nanocomposites with electric field. Interestingly, the resistivity of 1.5wt% ACNF-EFS was one
order of magnitude lower than 1.5wt% OCNF-EFS.
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Figure 37. Electrical resistivity of A-CNFs nanocomposites as a
function of loading.

A possible trend of electrical resistivity for aligned A-CNFs filled nanocomposites up to
4.5wt% is shown in Figure 37. Since the least square curve fitting value R2 is close to 1, it can be
assumed that the extrapolation of the data is justified. According to this trend, the electrical
resistivity of 4.5wt% ACNF-EFS would decrease to approximately 104 Ohm.cm range.
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Furthermore, from Figure 38, it is also suggested that the percolation threshold of electrical
resistivity for aligned A-CNFs filled nanocomposites would occur at 0.75wt%, which is similar
to aligned O-CNFs filled nanocomposites.
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Figure 38. Extrapolation of electrical resistivity for ACNF-EFS up
to 4.5wt%.
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CHAPTER 5
CONCLUSIONS

5.1.

Conclusions
The principal objective of this study was to investigate the effect of AC electric field

induced alignment of O-CNFs and A-CNFs on the mechanical and electrical properties of final
nanocomposites. In addition, the dispersion of functionalized CNFs before and after curing was
also studied.
Optical images revealed the evidence of uniform dispersion of O-CNFs and A-CNFs
before and after curing of nanocomposites, suggesting negligible agglomeration throughout the
entire cure cycle. Such quality of dispersion was achieved not just from the proposed mixing
method, but also from chemical functional moieties on CNFs surfaces. Based on the
approximated average length, the aspect ratio of functionalized CNFs was estimated to be 100150. Upon the application of electric field, O-CNFs and A-CNFs filled nanocomposites at low
loading were aligned into coarse micro-scale bundles as a result of lateral agglomeration. In
contrast, nanocomposites filled with high O-CNFs and A-CNFs loading formed dense web-like
morphology in the resin upon the application of AC electric field. By observing the alignment
network of OCNF-EFS and ACNF-EFS, it is suggested that the morphology of alignment is
independent of functional groups grafted on CNFs surfaces.
Generally, the addition of O-CNFs and A-CNFs enhanced both compressive strength and
modulus of neat resin. In the absence of electric field, the strengths of ACNF-NFS were higher
than OCNF-NFS due to enhanced compatibility between amine functional groups and epoxy. On
the contrary, the modulus of ACNF-NFS was slightly lower than OCNF-NFS which can be
attributed to lower amount per unit volume of A-CNFs in the resin. For nanocomposites tailored
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by electric field, all ACNF-EFS and OCNF-EFS showed better enhancement in both strength and
modulus than ACNF-NFS and OCNF-NFS, respectively, confirming the significance of aligned
network. By comparing strength and modulus, it was found that ACNF-EFS behaved
mechanically stronger than OCNF-EFS, respectively. Through the observation of the mechanical
test results of nanocomposites reinforced by A-CNFs, it was found that the percentage change of
modulus for ACNF-EFS was two to three times greater than ACNF-NFS. These results
corroborated the use of electric field to fabricate aligned functionalized-CNFs reinforced
nanocomposites and possible chemical linkage between functionalized CNFs and epoxy resin.
The electrical resistivity of OCNF-NFS and ACNF-NFS did not change significantly
because it is believed that the amount of O-CNFs and A-CNFs added in the resin has not reached
the percolation threshold of electrical resistivity. Indeed, according to previous work by other
group, it was reported that the percolation threshold of electrical resistivity would not occur until
6wt% of CNFs in the resin without the application of electric field. Additionally, it is believed
that the percolation threshold of non-aligned functionalized CNFs filled nanocomposites would
occur at concentration higher than 6wt% due to lower aspect ratio and higher oxygen content of
functionalized CNFs. However, the reduction in electrical resistivity of OCNF-EFS and ACNFEFS were prominent and the percolation threshold of OCNF-EFS was observed to be 0.75wt%.
Interestingly, four order magnitude reductions in resistivity were observed for both OCNF-EFS
and ACNF-EFS but at different functionalized CNFs content. At 1.5wt% loading, the electrical
resistivity of ACNF-EFS was one order magnitude lower than OCNF-EFS. In addition, a
possible trend of electrical resistivity of ACNF-EFS was extrapolated up to 4.5wt%. From the
graph, it is suggested that the percolation threshold of electrical resistivity of ACNF-EFS would

53

occur at 0.75wt%, which is similar to OCNF-EFS. Moreover, it is also suggested that the
electrical resistivity of 4.5wt% ACNF-EFS would decrease to approximately 104 Ohm.cm range.
5.2.

Recommendations for Further Studies
Based on the contributions and the conclusions drawn from this research, the following

possible future work has been identified:
•

Since the mechanical and electrical properties of aligned O-CNFs and A-CNFs
filled nanocomposites in this study are encouraging, it is suggested to pursue
other mechanical characterization tests such as tensile test, static three-point
bending, dynamic flexural test, glass transition temperature Tg, coefficient of
thermal expansion (CTE), and thermal conductivity of OCNF-EFS and ACNFEFS to further examine the effect of alignment on different characterization.

•

Conduct similar study using functionalized SWCNTs or MWCNTs, since they
possess better mechanical and electrical properties.

•

Inspect the morphology of alignment by varying voltage and frequency input to
determine the optimum voltage and frequency input for obtaining optimum
aligned network.

•

Correlate voltage and frequency input to mechanical and electrical properties and
generate model. This helps the manufacturers to tailor materials that meet their
specific requirements.

•

Incorporate the alignment concept into fiber-reinforced polymeric composites to
reinforce through-thickness properties. This would provide the through-thickness
reinforcement without damaging the fibers.
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