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Abstract

Polymer nanocomposites have received attention for a wide range of applications over the
past few decades due to their high mechanical properties. With the introduction of a relatively low
weight fraction of nanofillers, polymer nanocomposites have shown superior properties to
composites reinforced with macro- or micro-sized fillers. The properties and performance of
polymer nanocomposites are affected by the morphology and dimensions of the nanofillers and
the interfacial interactions between polymer matrices and nanofillers. Recently, aramid nanofibers
(ANFs) have been obtained through the dissolution and deprotonation process of macroscale
aramid fibers in a solution with dimethyl sulfoxide and potassium hydroxide. ANFs have shown
great potential as a reinforcing filler for polymer nanocomposites due to their excellent mechanical
properties, high aspect ratio, and large surface area. In addition to these unique characteristics,
there are rich functionalities on the surface of ANFs that can be used to introduce surface
modification agents or multifunctional nanomaterials on the ANFs. Therefore, the properties of
polymer nanocomposites can be further increased through the introduction of functionalized ANFs
that enhance their chemical and mechanical interaction.

In this work, ANFs are modified using various silane coupling agents to reinforce rubber
nanocomposites for tire tread and epoxy nanocomposites. The silane coupling agent treatment
improves the dispersion of ANFs in polymer matrices and chemical interfacial interaction between
the matrices and ANFs through covalent linkages between them. The functionalization of ANFs

is investigated using characterization techniques such as Fourier transform infrared spectroscopy

XV



(FTIR), X-ray photoelectron spectroscopy (XPS), and atomic force microscopy (AFM). Rubber
nanocomposites reinforced with functionalized ANFs exhibit improved mechanical properties and
tire performance metrics, including an 11.3% increase in abrasion resistance and 14.7%
improvement in fuel efficiency, without decreasing wet grip performance. As shown from the
results of rubber nanocomposites, functionalized ANF reinforced epoxy nanocomposites also
show enhanced tensile strength, elastic modulus, fracture toughness, and dynamic mechanical
properties due to the improved interfacial interaction.

In addition, this work also considers the hybridization of ANFs using other strong
nanomaterials such as graphene oxides (GOs) and cellulose nanocrystals (CNCs) for the
reinforcement of tire tread rubber nanocomposites and epoxy nanocomposites. The novel hybrid
materials based on ANFs are expected to contribute to improved chemical and mechanical
interaction within nanocomposites through the extensive branching and network structure of the
hybrid fillers and covalent bonding between the polymer matrix and fillers. The hybrid filler
reinforced rubber nanocomposites and epoxy nanocomposites exhibit a synergetic effect of
nanofillers on increasing mechanical properties and performance compared to the nanocomposites
reinforced with ANFs or GOs or CNCs alone. Especially, the ANF/GO hybrid filler reinforced
rubber compounds show an 18.2% improvement in abrasion resistance and 21.8% improvement
in rolling resistance. Thus, the research presented in this dissertation provides novel reinforcement
methods to improve the overall performance of tire tread rubber nanocomposites, including
abrasion resistance and fuel efficiency, which can help overcome energy and environmental
challenges. In addition, thermosetting polymers using functionalized ANFs are expected to have

an impact in the field of structural polymer composites with improved properties.
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Chapter 1

Introduction
1.1 Motivation

The motivation for this study lies in the functionalization of nano-sized aramid fibers to
prepare novel nanofillers for polymer nanocomposites, especially for the reinforcement of cross-
linked thermosetting polymers and tire tread rubber composites. Aramid fibers are commercial p-
phenylene terephthalamides fibers (PPTA), which are widely used for protective gears, soft body
armor, and high-performance tire reinforcement cords because of their high tensile strength and
thermal stability.[1,2] The outstanding mechanical properties of aramid fibers originate from the
unidirectional hydrogen bonding between the para-structured aramid polymer chains. Moreover,
the aligned aramid chains form sheets, and the sheets are stacked by van der Waals bonds to form
a highly crystalline structure.[3] The highly crystalline structure and excellent mechanical
properties are beneficial for the conventional fiber-reinforced polymer composites. However, the
application of aramid fibers for the preparation of polymer nanocomposites has been limited due
to the chemically inert and smooth surface of aramid fibers and difficulties in the formation of

nanoscale version of aramid fibers.[2]



Figure 1.1. Chemical structure of aramid fibers and hydrogen bonding interaction between aramid
chains.[3]

Recently, a new method to produce aramid nanofibers (ANFs) with a high aspect ratio was
developed by Yang et al.[4] The authors proposed a dissolution and deprotonation process to
reduce the strength of hydrogen bonding between the polymer chains and increase intermolecular
electrostatic repulsion (Figure 1.2). The dissolution process yielded ANFs that range from 5 to 30
nm in diameter and 5 to 10 um long. Even though the polymer chains are disintegrated into
nanoscale fibers, complete dissolution was inhibited by hydrophobic attraction and n—= stacking
in the polymer backbone so that the high strength and stiffness were maintained. Moreover, rich
functionalities, including hydroxyl, carboxylic acid, amine groups, and carbonyl groups, are
formed on the surface of the ANFs during the dissolution process due to hydrolysis.[5-7] These

functionalities can provide opportunities for the modification of ANFs.
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Figure 1.2. The preparation of ANFs using Kevlar, dimethyl sulfoxide, and potassium hydroxide.

In this research, thermosetting polymers and rubber composites will be reinforced using
functionalized ANFs. Various types of silane coupling agents will be used to functionalize ANFs
to improve the interfacial interaction between the matrices and nanofillers and the dispersion of
nanofillers in the matrices. In addition to the surface modification using a silane coupling agent,
the ANFs will be hybridized with other nanomaterials such as graphene and cellulose to further
improve mechanical properties and performance of nanocomposites through enhanced chemical
and mechanical interactions. For the thermosetting polymer nanocomposites, physical properties
such as tensile strength, elastic modulus, fracture toughness, and dynamic mechanical properties
will be examined and discussed. The effect of functionalized ANFs on the properties and tire
performances of rubber composites will also be investigated through mechanical tests. The
following sections will present a brief review of the previously reported thermosetting polymer
composites and rubber nanocomposites for tire tread, followed by a review of the research
regarding functionalization and hybridization of nanofillers that aim to improve the properties of

polymer nanocomposites.



1.2 Polymer nanocomposites

Polymer nanocomposites have attracted substantial interest in the field of materials
research due to their ability to enhance the mechanical properties of the polymer using relatively
low weight filler fractions.[8] Compared to neat polymers, polymer nanocomposites demonstrate
excellent properties, including improved storage modulus, tensile strength, Young’s modulus, and
thermal properties.[8-14] The nanofillers used in polymer nanocomposites allow for a
considerably larger interfacial area than that of macro or micro-sized fillers of similar weight
fractions, which typically leads to improve load and stress transfer between the polymer matrix
and fillers.[15] Below is a brief review of the epoxy and rubber nanocomposites that will be

focused on in this dissertation.

1.2.1 Epoxy nanocomposites

Among organic matrices for polymer nanocomposites, epoxy resins are widely used in the
fabrication of nanocomposites due to their high rigidity, favorable adhesive properties, and
excellent heat, moisture, and chemical resistance, among other outstanding characteristics. As a
result, epoxy resin has been popular in a number of applications, including coatings,[16-18]
adhesives,[19] electronic devices,[20,21] and aerospace parts.[22,23] Epoxy resins are usually
composed of aliphatic, aromatic, or heterocyclic backbone structures with multiple epoxy groups
at the end of the structures. Because of the different backbone chemical structures, epoxy resins
exhibit different properties.[24] For instance, the epoxy resins with aromatic backbone structures
show higher mechanical properties and thermal properties compared to the epoxy resins with
aliphatic backbone structures. One of the examples of aromatic epoxy resins is liquid type Epon

862 resin (diglycidyl ether of bisphenol F epoxy), shown in Figure 1.3. The liquid epoxy resins



are cured with curing agents such as multifunctional amines or acids to form a hardened epoxy
through a crosslinking process. The physical properties of cured epoxy are known to be affected

by the types of epoxy resins and curing agents.
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Figure 1.3. Molecular structure of Epon 862 epoxy resin.

The incorporation of nanomaterials in the epoxy matrices can provide them with
multifunctional performance compared to the neat epoxy resin, thus further broadening the
potential applications of the material. Various studies have been conducted with the aim of
improving the properties of the epoxy nanocomposites using nanoscale materials such as nano
clays,[25,26] carbon nanofibers,[27,28] carbon nanotubes (CNTs),[11,29-32] graphene,[33-36]
silica,[16,17,37] metal oxide particles,[13] and cellulose nanofibers.[38] For example, Wang et al.
prepared epoxy/clay nanocomposites using a slurry compounding process to improve thermal
mechanical properties.[25] The epoxy nanocomposites exhibited 30% and 150% increase in
storage modulus at 50 C and 240 <C, respectively, with 5 wt % of clay in the composites. In
addition, Gojny et al. conducted a comparative study to compare the effect of single-wall CNTs,
double-wall CNTs, and multi-wall CNTs on the mechanical properties of epoxy
nanocomposites.[32] The 0.5 wt % double-wall CNT reinforced epoxy nanocomposites exhibited
10%, 15%, and 43% improvements in mechanical strength, stiffness, and fracture toughness,
respectively. This study showed that the mechanical properties of thermosetting polymers could

be enhanced by using a very low weight fraction of nanofillers such as 0.5 wt %. Moreover, Tang



et al. investigated the effect of graphene dispersion state on the mechanical properties of epoxy
composites.[36] Higher mechanical strength, fracture toughness, and glass transition temperature
were observed from the epoxy nanocomposites with highly dispersed graphene, while tensile and
flexural moduli didn’t show significant differences by the dispersion levels. Therefore, the
physical properties of epoxy nanocomposites, such as mechanical and thermal properties, have

been shown to be enhanced by the incorporation of nanofillers.

1.2.2 Rubber nanocomposites for tire tread

As interest in environmental protection and the reduction of energy consumption continue
to grow within the industrial world, the automotive industry is steadily moving toward
manufacturing more fuel-efficient vehicles. Currently, global transportation energy consumption
accounts for over 20% of the total energy available, making the design of more efficient vehicles
a necessity. Among the various vehicle components, tires provide the only point of contact
between the vehicle and the road and account for approximately 6.6% of the total fuel energy
consumed by a vehicle.[39] To address the environmental issues regarding the tire industry and
inform end users, the European Union (EU) introduced legislation titled “Tire Labelling
Regulation (EC NO. 1222/2009)” in 2009, which regulates and classifies three important
parameters for tire performance: the rolling resistance, wet traction, and external rolling noise of
tires.[40] Tire rolling resistance is defined as the force required to move the tire forward and is
heavily dependent on the energy dissipated due to the deformation of the tire during driving. It is
known that a 4% reduction in rolling resistance results in 1% fuel savings.[39] In addition to energy
consumption, tires are known to generate wear particles, negatively affecting the environment,

including air, water, and soil. It is assessed that the mass of tire wear particles in the European



Union is 1,327,000 tons annually, while that of the United States is 1,120,000 tons.[41] Therefore,
decreasing both the rolling resistance and abrasion loss of tires can contribute to more

environmentally friendly vehicle performance.
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Figure 1.5. The Tire Labeling Regulation label based on the EC No. 1222/2009.[40]

The three most important performance parameters for tire tread rubber compounds are wet-

skid resistance, rolling resistance, and wear resistance, forming what is known as the “magic



triangle.”’[42,43] However, these three requirements are interrelated, making it difficult to improve
all of them simultaneously. Therefore, simultaneously balancing and optimizing of these properties
is a long-standing challenge that the tire industry aims to satisfy. The performance and
characteristics of tire rubber compounds are influenced by the type of fillers used. To this end,
rubber compounds have been reinforced by various types of fillers, including carbon black,[44]
silica,[45,46] nano clays,[47,48] graphene oxides (GOs),[49-52] CNTs,[53-55] and short
fibers,[56-60] for the enhancement of the mechanical properties. Specifically, carbon black and
silica have been commonly used in the industry for reinforcing rubber compounds. However,
increasing the amount of carbon black causes high rolling resistance, while silica-filled rubber
compounds require well-controlled mixing processes to achieve a comparable abrasion resistance
to the carbon black filled rubber.[61,62] Given the described disadvantages, recent research efforts
have focused on exploring the role of novel nano-sized organic materials as promising fillers in
rubber compounds and their potential in practical applications. Among the promising fillers, short
fibers have attracted wide interest because of their reinforcing efficiency and high aspect ratio

while requiring relatively low content to achieve the desired properties.

Figure 1.6. The internal structure of a passenger car tire. The orange circle indicates the tire tread.
(photo provided by Hankook Tire and Technology).



Figure 1.7. Reinforcing fillers: carbon black, silica, nano clays, CNTs, GOs, and short fibers (from
upper left to right).

Aramid short fibers are one of the most promising fillers for the reinforcement of rubber
compounds because of their outstanding mechanical properties and thermal and chemical
resistance. In a previous study by Kashani, aramid short fibers were used to reinforce tire tread
composites. The resulting modulus at 300% strain was reported to increase by 6.3% along the
longitudinal direction.[60] However, the final properties of rubber compounds reinforced with
short fibers are largely dependent on the orientation of the fibers within the rubber compound,
while the chemically inert surface of aramid fibers limits the interfacial load transfer properties
within the compound. Alternatively, Nillawong et al. used aramid pulp for the reinforcement of
styrene-butadiene rubber (SBR).[63] A carbon black/aramid pulp hybrid filler was prepared at
various ratios, and the resulting compound was found to yield a high storage modulus over a range
of temperatures up to 80 C. However, the tensile strength and abrasion properties of the resulting
compound deteriorated with increasing aramid pulp loading because of the absence of significant

chemical or mechanical interaction between the rubber and aramid fibers. Therefore, the macro-



scale size of fibers and lack of interfacial interaction between the aramid fibers and rubber matrix

limit the application of aramid fibers for the reinforcement of rubber compounds.

1.3 Functionalized ANF reinforced polymer nanocomposites

1.3.1 ANF reinforced polymer nanocomposites

ANFs have shown great potential as a reinforcing filler in polymer matrices due to their
outstanding mechanical properties, high surface area, and aspect ratio. Because of their excellent
properties, ANFs have been used as nanoscale building blocks to reinforce polymer matrices,
including poly(acrylic acid),[64] poly(vinyl alcohol),[65,66] polyurethane,[67] poly(methyl
methacrylate),[68] epoxy resin,[7,69] natural rubber (NR),[70] styrene-butadiene rubber
(SBR),[71-73] and butadiene rubber (BR).[72,73] Among those studies, Lin et al. reported the
isolation of ANFs and subsequent dispersion into epoxy resins.[7] The dispersion of isolated ANFs
into the epoxy matrix improved the tensile strength, Young’s modulus, and toughness of the
nanocomposites through physical interactions at the interface between the ANFs and polymer
matrix. Yang et al. also prepared ANF/poly(acrylic acid) composite films using the vacuum-
assisted flocculation method.[64] The prepared composite films exhibited improvement on elastic
modulus up to 20 GPa, which is higher than that of CNT reinforced polymer nanocomposites.
Kuang et al. reinforced polyurethane matrix using ANFs.[67] They reported Young’s modulus of
5.3 GPa and ultimate strength of 98.0 MPa, which are the highest among all the reported
polyurethane-based nanocomposites. In addition to the polar polymer matrices, Surya et al. mixed
ANFs into NR latex and prepared NR composites to improve mechanical properties.[70] The NR
nanocomposites showed increased tensile strength and modulus using 2 to 6 parts of ANFs,

however, elongation at break and flexural fatigue properties decreased due to lack of interfacial
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interaction between NR matrix and ANFs. Overall, the ANF reinforced polymer nanocomposites
exhibited improved mechanical properties through physical interaction between the matrix and
ANFs, while improvement of the interfacial chemical interaction between the polymer matrix and

nanofillers and nanofiller dispersion within the matrix can provide further enhancement of the

polymer nanocomposites properties.
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Figure 1.8. Epoxy nanocomposites reinforced with ANFs and stress-strain curves of neat epoxy
resin, 1% aramid pulp (AP), and 1% ANF reinforced samples.[7]

1.3.2 Functionalization of nanofillers

Surface modification is one of the most widely used methods to improve the dispersion of
nanofillers and enhance the interfacial interaction between the filler and the matrix in
nanocomposites. For this reason, surface modifiers, including polymers, coupling agents, and

surfactants, have been utilized to reinforce polymer matrices in several studies.[15,29,74,75]
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Among these surface modifiers, silane coupling agents with at least two different functional groups
at both ends are commonly used due to their ability to react with both the polymer matrix and the
nanofillers. As a result, silane coupling agents provide chemical covalent linkages between the
filler and matrix, which can transfer stress from the polymer to the filler. For example, Zhu et al.
reported the surface functionalization of carbon nanofibers using an amine-functionalized silane
coupling agent for carbon nanofiber-reinforced epoxy nanocomposites (Figure 1.9).[27] The
results showed a 12.6% increase in tensile strength for the epoxy nanocomposites with surface-
modified carbon nanofibers, and the glass transition temperature shifted to a higher temperature.
Additionally, Ma et al. investigated the effect of silane functionalized carbon nanotubes on
dispersion as well as the mechanical, thermal, and electrical properties of the resultant epoxy
nanocomposites (Figure 1.10).[29] The silane functionalization of the carbon nanotubes was
shown to improve dispersion in the epoxy matrix significantly, and the nanocomposites exhibited
better thermal stability, flexural modulus, and fracture resistance. However, the electrical
conductivity was decreased due to the wrapping of the non-conductive silane on the surface of the
carbon nanotube. Drawing from the results shown from the previous studies, surface modification
using a silane coupling agent can contribute to the reinforcement of polymer nanocomposites
through the improved chemical interaction by covalent linkages between the polymer matrix and

fillers.
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Figure 1.9. Preparation of epoxy nanocomposites using silane coupling agent treated carbon
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Figure 1.10. Scheme of the reaction between CNT and epoxy functionalized silane coupling
agent.[29]

1.3.3 Functionalization of ANFs

As described in the previous section, there are abundant functionalities, including hydroxyl,
carboxylic acid, and amine groups on the surface of ANFs, which are formed by hydrolysis during
the dissolution process.[6,76,77] Patterson et al. reported increased COOH and C-OH

functionalities on the ANFs, which indicate the partial hydrolysis of the polymer chain and
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aromatic ring by the heavily basic solution to produce ANFs, as shown in Figure 1.11.[76]
Additionally, Nasser et al. used X-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FTIR) to investigate the chemical structure of ANFs during the dissolution
process (Figure 1.12).[77] In the study, an increase in the peaks corresponding to C=0 stretching
and Phenyl-N stretching was observed in FTIR, and the concentration of carboxylic acid increased
in XPS as the time for dissolution increased (Table 1.1). The results confirm the presence of

abundant functionalities on the surface of ANFs, which can be used to functionalize ANFs.
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Figure 1.11. (a) FTIR spectra of ANFs and bare aramid fibers show that (b) hydrolysis takes place
in the dissolution process and forms carboxylic acid and amine. (¢) Normalized C1s XPS spectra
of bare aramid fibers (top) and nanofibers (bottom) deconvoluted by the existing states of carbon
on the surface. The inset table includes respective composition percentages of the various states of
carbon.[76]
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Figure 1.12. C 1s XPS spectra of ANF coated aramid fibers with varying durations.[77]

Table 1.1. Experimental bonding-state peak locations and concentrations of the decomposed C 1s
energy state of bare and treated aramid fibers.[77]

Treatment C-C (284.7 V) C-N (285.9 V) C=0 (287.8 V) COOH (289.3 eV)
Bare fiber 81.11 10.25 8.64 0.00

1 min treated fiber 81.55 9.32 7.50 1.64

2 min treated fiber 79.06 11.04 7.75 2.16

3 min treated fiber 79.88 11.38 5.60 3.14

5 min treated fiber 78.99 12.22 5.35 3.43

10 min treated fiber 78.49 12.31 5.79 3.41

The untreated ANFs have been shown to improve the mechanical properties of polymer
nanocomposites as described previously. However, a further enhancement of the polymer

nanocomposites properties can be achieved through the improvement of the interfacial chemical
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interaction between the polymer matrix and nanofillers by the functionalization of the ANFs. For
example, lijima et al. functionalized ANFs using surface-modified Ag nanoparticles by wet mixing
process and dispersed them in epoxy resins to prepare transparent nanocomposites.[78]
Additionally, Oh et al. and On et al. prepared modified ANF reinforced epoxy
nanocomposites.[79,80] From the test results, the thermal expansion coefficient was reduced, and
adhesion strength improved. Moreover, ANFs have been modified and used to reinforce rubber
matrices by several researchers. Chen et al. modified Kevlar nanofibers (m-KNFs) using
epichlorohydrin to reinforce an SBR matrix, and the reinforced SBR composites exhibited
considerable improvement in their mechanical properties compared to pure SBR (Figure 1.13).[71]
However, the application of the epichlorohydrin-modified KNFs is only limited to the rubber
matrix having aromatic rings in the chemical structure because they are dispersed in the rubber
matrix via n—= stacking of aromatic rings in the ANFs and the SBR, which is not applicable to BR.
Xue et al. prepared hydrolyzed ANFs by acid-assisted hydrothermal treatment and used them to
reinforce carboxylated acrylonitrile rubber (XNBR).[81] The mechanical strength improved
through the hydrogen bonding interaction between the XNBR and the hydrolyzed ANFs, but this

strategy is also limited to a rubber matrix with polar backbone structures.
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Figure 1.13. Synthetic mechanism of m-KNFs and schematic diagram of the interaction between
m-KNFs and SBR.
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The previously reported polymer nanocomposites reinforced with modified ANFs are
mostly based on the physical interfacial interactions, such as hydrogen bonding or n—= stacking
interaction between the modified ANFs and polymer matrices. Introducing covalent bonding
between the polymer matrix and ANFs in the nanocomposite system using a silane coupling agent
can improve the chemical interaction and increase mechanical properties for both polar and non-
polar polymer matrices. For instance, ANFs can be used as a nanoscale building block for the
nonpolar rubber matrices when they are functionalized using a silane coupling agent with
polysulfide.[72,73] The sulfur moiety in the silane coupling agent can react with the double bond
in the rubber molecule during the vulcanization process. The silane functionalization of ANFs not
only improves the dispersion of ANFs in the rubber matrix but also provides covalent linkages
between the rubber molecule and ANFs which enhance the mechanical properties. Moreover,
covalent linkages between rubbers and fillers can reduce energy dissipation during the deformation
of rubber composites compared to the rubber-filler system reinforced with physical interaction
between them.[72] Thus, the silane coupling agent functionalized ANFs are expected to contribute

to the improvement of performance for thermosetting polymers and rubber nanocomposites.

1.3.4 Hybrid fillers based on ANFs for polymer nanocomposites

Recently, researchers have shown that hybridized nanomaterials can be employed as
reinforcing fillers for polymer composites, especially the combination of two strong nanomaterials.
The use of nanofiller combinations with excellent mechanical properties has shown a synergetic
effect on the properties of composites when compared to composites reinforced with only one class
of nanofillers. For instance, Fan et al. functionalized graphene using ANFs through n—n stacking

interaction and used them to reinforce poly(methyl methacrylate).[82] The tensile strength and
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Young’s modulus of nanocomposites increased by 84.5% and 70.6%, respectively, by the
incorporation of 0.7 wt % of the hybrid fillers. The improvements were also greater than those of
ANF or graphene alone reinforced nanocomposites with the same loading of nanofillers. Moreover,
Wang et al. studied the effect of graphene oxide (GO)/CNT hybrid filler on the properties of shape
memory epoxy nanocomposites.[83] From the test results, a synergetic effect of GO/CNT hybrid
filler in improving tensile strength and thermal properties was observed. Song prepared hybrid
fillers based on two geometrically dissimilar fillers, including clay platelets and carbon nanotubes,
and then used them to fabricate SBR nanocomposites with improved tensile strength, elastic
modulus, and both thermal and electrical conductivities.[84] Additionally, the synergistic effect of
multi-walled carbon nanotubes and graphene nanofillers on the mechanical performance of
silicone rubber was reported by Pradhan et al.[85] The hybrid filler reinforced nanocomposites
exhibited 110% and 173% improvements in tensile strength and elastic modulus, respectively.
Therefore, the reported studies have shown the potential of hybrid fillers for the reinforcement of
polymer nanocomposites.

The effect of ANFs on the properties and performance of polymer nanocomposites can be
further enhanced by the functionalization with other strong nanomaterials. Among the
nanomaterials being used as reinforcing fillers, GOs and cellulose nanocrystals (CNCs) are chosen
to prepare novel hybrid fillers based on the ANFs for the reinforcement of thermosetting polymers
and rubber nanocomposites in this dissertation.

GOs have attracted wide interest due to their excellent mechanical properties and large
surface area, along with their high thermal stability and electrical conductivity.[86-89] Because of
their outstanding properties, GOs have been used as a nanoscale reinforcement in polymer matrices.

For example, Mao et al. fabricated GO/SBR nanocomposites through the mixing of GO colloid
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with SBR latex and butadiene-styrene-vinyl-pyridine rubber latex.[90] The 2 vol % GOs
reinforced GO/SBR composites were found to exhibit comparable mechanical strength to that of
SBR composites containing 13.1 vol % carbon black. Wu et al. also reported NR nanocomposites
reinforced with surface functionalized GOs using bis(triethoxysilylpropyl)tetrasulfide
(TESPT).[50] The functionalization of GOs with TESPT improved their dispersion in the NR
matrix and contributed to a 100% and 66% increase in the ultimate strength and moduli of the
resulting NR nanocomposites, in addition to a 48% reduction in their air permeability.

CNCs have also received substantial attention in the field of polymer nanocomposites
because of their high mechanical properties, high aspect ratio, and low density.[91-94] Because
of their excellent properties, CNCs have been used to reinforce polymers such as poly(vinyl
alcohol),[95] poly(methyl methacrylate),[96] poly(lactic acid),[97] polyurethane,[98] and
poly(acrylic acid).[99] For example, Kang et al. studied the effect of CNCs on the properties of
thermally degradable polymeric adhesives based on epoxy resin.[100] From the test results, shear
strength was improved by more than 30%, and thermal degradation temperature was reduced by
40 <. Kupka et al. dispersed CNCs in polyurethane to improve mechanical properties.[98] The
results showed that Young’s modulus and tensile strength increased by up to 50% and 25%,
respectively, and the glass transition temperature also increased. Additionally, Li et al. prepared
CNC or cellulose fiber reinforced poly(acrylic acid) for the application of strong composite
adhesives.[99] The nanocomposites exhibited an improvement in the adhesive strength on an
aluminum substrate. Lin et al. studied the effect of CNCs on the mechanical and wear properties
of SBR/NR compounds.[101] From their test results, the incorporation of CNCs was found to
increase the elastic modulus and decrease hysteresis loss; however, its effect on wear properties

was deemed insignificant. Singh et al. modified the surface chemistry of CNCs using organosilanes
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to improve interfacial interaction in an NR matrix.[93] The NR composites reinforced with
organosilanes modified CNCs yielded improved elastic modulus and tensile strength compared to
unmodified NR composites. Additionally, Guo et al. used CNCs as a thickener for ANF/
acrylonitrile rubber (NBR) composites during solution mixing to obtain a uniform dispersion of
ANF into NBR.[102] By adding 1 part of CNC to the composites, both the tear strength and tensile
strength of the nanocomposites were observed to improve. However, the effect of CNC as a
thickener was limited to polar rubber matrices such as NBR.

The novel hybrid fillers based on ANFs are functionalized using a silane coupling agent to
further improve chemical interaction between polymer matrices and nanofillers. The
functionalized hybrid filler reinforced polymer nanocomposites are expected to exhibit enhanced

mechanical properties and performance through improved chemical and mechanical interactions.

1.4 Dissertation overview

In the following chapters, a detailed description of the research regarding the reinforcement
of rubber composites and thermosetting polymers using functionalized ANFs is provided.

Chapter 2 investigates the effect of functionalized ANFs for the reinforcement of rubber
compounds for tire tread applications. In this chapter, it is shown that ANFs can be functionalized
with bis(triethoxysilylpropyltetrasulfide (TESPT), a silane coupling agent containing polysulfide,
to improve the dispersion of the ANFs in rubber compounds and to form covalent linkages between
the rubber molecules and the ANFs. The resulting functionalized ANFs (FANFs) are expected to
be able to reinforce all types of diene rubber currently consumed in the industry due to the sulfur
moiety in the TESPT. First, the fANFs are dispersed in water, and an fANF/water paste is obtained

for the simple dry mixing with rubber. Then, rubber compounds containing a hybrid filler of carbon
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black and fANFs are prepared at various ratios before performing tensile and abrasion resistance
tests to investigate the role of the fANFs on the properties of the rubber compounds. Finally,
dynamic mechanical analysis is conducted to predict the wet traction performance and fuel
efficiency of the fANF reinforced rubber compounds. The findings in chapter 2 contribute to
understanding the influence of functionalization of ANFs on the reinforcement of polymer
matrices through the improved dispersion and enhanced interfacial interaction between the matrix
and fillers.

Chapter 3 focuses on the reinforcement of epoxy nanocomposites using epoxy
functionalized ANFs. In this chapter, epoxy functionalized silane coupling agents are introduced
to the ANFs through the surface functionalities of the ANFs formed during the dissolution process
of the aramid fibers. The prepared epoxy functionalized ANFs (EANFs) are then used to fabricate
EANF reinforced epoxy nanocomposites with different filler weight fractions for analysis. The
EANFs are predicted to induce further mechanical improvements to the epoxy nanocomposites
when compared to conventional ANF reinforced epoxy nanocomposites as a result of increased
interfacial chemical bonding between the ANFs and the supporting matrix. To confirm the surface
functionalization of the ANFs, chemical analysis is conducted using characterization techniques.
Finally, tensile tests, fracture toughness tests, and dynamic mechanical analysis are performed to
investigate the effect of the epoxy functionalized ANFs on the mechanical properties and dynamic
mechanical properties of the epoxy nanocomposites. The findings in this chapter are instrumental
in ensuring chemical interfacial interactions between the polymer matrix and reinforcing
nanofillers in order to improve the static and dynamic mechanical properties of the resulting

polymer nanocomposites.
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Building on the findings of the previous chapters, chapter 4 of this dissertation develops
functionalized ANF/GO hybrid fillers (FANF/GOs) for reinforcing tire tread rubber compounds
with enhanced tire performances. In this chapter, ANFs and GOs are modified using TESPT and
then combined to prepare fANF/GO hybrid fillers. The fANF/GOs are predicted to yield greater
improvements in the mechanical performance of rubber compounds compared to the reference
compound, as well as ANF or GO reinforced rubber compounds. These improvements are
attributed to the covalent bonding between fANF/GOs and rubber matrix and the noncovalent
interaction between the ANFs and GOs. The prepared TANF/GO hybrid filler is characterized
using various characterization techniques, while the mechanical performance of the fANF/GO
reinforced rubber compound is assessed using tensile and abrasion resistance testing. Finally,
dynamic mechanical analysis (DMA\) is performed in order to predict the wet skid resistance, and
rolling resistance of the fANF/GO reinforced rubber compounds. The findings of this chapter
result in enhanced mechanical properties, fuel efficiency, and abrasion resistance of tire tread
rubber compounds without deterioration of wet grip performance.

Chapter 5 focuses on the development of CNC functionalized ANFs reinforced rubber
compounds for tire tread with high abrasion resistance and fuel efficiency. In this work, CNCs are
modified using thionyl chloride to prepare chlorinated CNCs (CNC-CI), which are then used to
functionalize ANFs. Then, CNC functionalized ANFs are modified with TESPT to yield
functionalized ANF/CNC hybrid fillers (fACs) that exhibit better dispersion in an SBR/BR matrix
and improved interfacial interaction between fACs and rubber chains. The fAC hybrid fillers are
prepared at various ratios of ANFs and CNCs to determine the optimum ratio between the two
nanofillers. Finally, rubber compounds are prepared using new hybrid fillers to replace regions of

carbon black. Samples are then examined via tensile test, abrasion resistance test, and dynamic
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mechanical analysis to investigate the role of the novel fillers on the properties and tire
performance of rubber compounds. The developed fAC reinforced rubber compounds are expected
to exhibit enhanced mechanical properties and tire performances compared to compounds
reinforced with ANF or CNC alone and ANF/CNC hybrid filler without covalent bonding through
a combination of improved chemical and mechanical interaction between fACs and the SBR/BR
matrix.

Chapter 6 investigates the effect of CNC functionalized ANFs on the mechanical strength
and toughness of epoxy nanocomposites. In this study, CNCs are attached to the surface of ANFs
through covalent bonding to improve the chemical and mechanical interaction in an epoxy matrix.
The chemically attached CNCs on the ANFs are expected to provide an additional mechanical
interlocking effect when the epoxy nanocomposites are subjected to mechanical stresses. To
prepare CNC functionalized ANFs (fACs), CNCs are chlorinated using thionyl chloride and
reacted with ANFs, followed by modification with an epoxy functionalized silane coupling agent.
Prior to the preparation of epoxy nanocomposites, the fACs are analyzed using various techniques
to characterize the CNC functionalization on the ANFs. Finally, epoxy nanocomposites are
prepared and tested to investigate the role of fACs on the mechanical properties and fracture
properties of nanocomposites. To prove the effect of the chemical covalent interaction between
ANFs and CNCs on the properties of nanocomposites, hybrid fillers without covalent linkages are
also prepared to fabricate epoxy samples and tested to compare the performance between them.
The findings of this chapter present new solutions for the reinforcement of epoxy nanocomposites
using novel hybrid nanofillers based on the covalent linkages between the nanofillers.

The final chapter of this dissertation presents a summary of key findings and contributions

discussed throughout the dissertation to the field of polymer nanocomposites. Particular emphasis
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is given to the results regarding silane coupling agent modified ANFs, and hybrid nanofillers based
on ANF reinforced thermosetting polymers and rubber nanocomposites. Additionally, the last

section of this chapter provides some suggestions for potential future work to further expand the

obtained and reported findings.
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Chapter 2
Aramid Nanofiber Reinforced Rubber Compounds for the Application of Tire

Tread with High Abrasion Resistance and Fuel Saving Efficiency
2.1 Chapter introduction

This chapter presents aramid nanofiber reinforced rubber compounds for tire tread
applications. Tire performance plays a significant role in the safety of vehicles and fuel efficiency
and is thus a critical vehicle technology that is driven by the materials used. The characteristics of
tires are largely dependent on the properties of the tread rubber compound, which are significantly
affected by the type and amount of fillers used for static and dynamic reinforcement. In this work,
a silane coupling agent is used to functionalize aramid nanofibers (ANFs), and the effect of a
carbon black/ANF hybrid filler on the properties of tire tread rubber compounds is investigated. A
functionalized ANF (fANF)/water paste mixture is prepared and uniformly dispersed in the
conventional dry rubber without using a solution mixing method, therefore avoiding latex co-
coagulation, and the uniform dispersion of ANFs in the rubber matrix is confirmed through
scanning electron microscopy. The properties of the carbon black/ANF hybrid filler reinforced
rubber compounds at various weight fractions are then evaluated using tensile testing, dynamic
mechanical analysis, and abrasion resistance testing. The rolling resistance and abrasion resistance
of rubber compounds with 1 part of ANFs are found to improve over the baseline neat rubber
samples by 14.7% and 11.3%, respectively, all while maintaining the wet-skid resistance. Thus,
this study establishes that the addition of ANFs in the tread rubber compound enhances the overall

performance requirements of tires, known as the “magic triangle.”
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2.2 Preparation and characterization of fANFs

2.2.1 Preparation of fANFs

ANFs were prepared by the method presented by Yang et al.[4] Specifically, a dark red
solution of 1 g of Kevlar® KM2+ aramid fibers (style 790 scoured, CS-800), 1.5 g of finely ground
potassium hydroxide (KOH) (ACS certified, Fisher Scientific), and 500 ml of dimethyl sulfoxide
(DMSO) (ACS certified, Fisher Scientific) was prepared by mixing them with constant stirring for
7 days at room temperature. To prepare the fANFs, 2 g of bis(triethoxysilylpropyl)tetrasulfide
(TESPT, Si69°, received from Evonik) was mixed with the ANF solution, followed by stirring at
80 °C for 1 day (Figure 2.1a).

500 ml of deionized water was poured to the solution in order to isolate and precipitate the
fANFs. The precipitated fANFs were then collected by vacuum filtering, after which the product
was washed with deionized water and acetone (ACS reagent, Sigma-Aldrich) to neutralize the high
pH of the solution. Finally, the collected fANFs were re-dispersed in water using horn sonication
(Branson Ultrasonics™ sonifier™ Q500). The water was then evaporated to obtain a fANF paste

with a small water content.
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Figure 2.1. lllustration of (a) the reaction to prepare the fANFs, and (b) the fANF reinforced rubber
compound.

2.2.2 Characterization of fANFs

The fANF reinforcement agent was characterized in detail to clarify its role in the
reinforcement of rubber compounds. In order to determine any changes following the silane
functionalization, atomic force microscopy (AFM) was performed using a Park Systems XE-70 to
characterize the morphology and dimension of nanofibers. Figure 2.2a and 2.2b show AFM images
of ANFs and fANFs after isolation and prior to dispersion in rubber compounds. As seen the AFM
images, fANFs display similar morphology and dimensions to that of ANFs as the ANFs and

fANFs are found to have diameters ranging between 4-10 nm and 4-12 nm, respectively. In
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addition to similarities in the morphology and dimension, both ANFs and fANFs images show
little agglomeration of nanofibers. ATR-FTIR was then used to investigate the alteration of the
aramid chemical structure after the dissolution and deprotonation process of the ANFs and
functionalization of ANFs using TESPT (Figure 2.2c). The FTIR spectra were obtained using a
Nicolet iS50 spectrometer (Thermo Scientific) with a SMART diamond iTR accessory. When
inspecting the FTIR spectra of ANFs, an increase in peak intensity of the phenyl-N stretching
(1309 cm™?) and C=0 stretching (1642 cm™) is observed after using the dissolution process. These
results confirm that ANFs contain more surface functional groups including carboxylic acid and
amine, compared to macroscale aramid fibers resulting from the dissolution and hydrolysis process.
Such findings are consistent with those previously reported by Nasser et al. and Patterson et al.[5,6]
ANF functional groups are also indicative of the potential for the functionalization of ANFs.
Therefore, the FTIR spectra of ANFs and fANFs were also compared to investigate any change to
the chemical composition of the ANFs after TESPT treatment. When examining the spectra of
ANFs and fANFs, previously absent peaks at 2940 and 2875 cm™ attributed to the methylene
nonsymmetric stretching vibration and methylene symmetric stretching vibration in silane
coupling agent, respectively, are observed to appear. The Si-CH2-R stretching vibration, Si-O
stretching vibration, Si-O-C stretching vibration, and Si-O asymmetric stretching vibration peaks
were also observed at 1199, 1100, 1017, and 950 cm™, respectively, after the treatment. The
introduction of sulfur moieties on the fANFs is confirmed by the slight increase of the peak at
1246 cm, which indicates the CH2 wagging in -CH2-S-. Thus, the alteration of the chemical
structure investigated by FTIR indicates the introduction of TESPT on the ANF surface. This new
fANF surface chemistry is useful for efforts to improve the interfacial chemical interaction

between the rubber molecules and fANF reinforcement through covalent bonding.
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Figure 2.2. Microscopic images of (a) ANFs and (b) fANFs using AFM. (c) FTIR spectra of
macroscale aramid fibers, ANFs, TESPT, and fANFs.

In addition, X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical
compositional changes of both the ANFs and fANFs. The XPS was conducted on a Kratos Axis

Ultra XPS system. Given the importance of the fANF surface chemistry to the interfacial
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interaction in composites, an element analysis summary is presented in Table 2.1. The tabulated
element concentrations show considerable changes between the chemical composition of the
macroscale aramid fibers and ANFs. Post-deprotonation, the oxygen content is found to increase
in ANFs, relative to that of the macroscale aramid fibers, indicating that functionalities including
hydroxyl groups and carboxylic acid are introduced onto the ANF surface. The C 1s XPS was
performed on the macroscale aramid fibers and ANFs, with the results shown in Figure 2.3a and
2.3b, respectively. From the results, a new peak at 290.2 eV corresponding to COOH
functionalities is detected from the C 1s spectra of the ANFs. The new peak is the result of the
dissolution and hydrolysis process, which cleaves the amide bond in the macroscale aramid fibers
into a carboxylic acid and an amine.[5,6,103] Therefore, ANFs are found to be more reactive than
macroscale aramid fibers because of the additional functionalities on the surface.

After the TESPT treatment of the ANFs, 1.00% of the S element and 1.31% of the Si
element were detected when performing an elemental analysis of fANFs (Table 2.1). The presence
of the S and Si elements indicates the introduction of TESPT on the surface of the fANFs. In
addition, the functionalization of the ANFs using TESPT resulted in other significant chemical
composition changes, such as additional peaks corresponding to the S-OH (102.8 eV) and Si-O-C
(103.7 eV), which can be seen in Figure 2.4b. When inspecting the O 1s XPS spectra displayed in
Figure 2.5, new peaks assigned to the Si-OH or COOR (532.8 eV), and C-O-Si (533.9 eV) were
shown in the fANFs. As for the untreated ANFs, the changes in binding energy at 531.4 eV and
533.1 eV represent the C=0 and C-OH functionalities, respectively. In addition to the detailed Si
2p and O 1s XPS spectra, a new peak at 282.5 eV attributed to the C-Si was also observed in C 1s
XPS spectra, indicating the presence of TESPT on the fANFs. With the introduction of TESPT to

the nanoscale aramid surface, the fANFs are expected to be more reactive, as the interfacial
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interaction between the rubber matrix and the fANFs can be further improved through the chemical

covalent bonding.

Table 2.1. The XPS elemental survey results of macroscale aramid fibers, ANFs and fANFs.

C 1s (%) O 1s (%) N 1s (%) S 2p (%) Si 2p (%)
Macroscale aramid 84.75 790 735 ) )
fibers
ANFs 83.30 10.63 6.07 - -
fANFs 78.15 10.04 9.50 1.00 1.31
(a) (b}
9] %]
o o
6] Q
0-C=0 or COOH
\
290 288 286 284 282 292 290 288 286 284 282
Binding Energy (eV) Binding Energy (eV)

(c)

C-C

CPS

0-C=0 or\COOH

292 290 288 286 284 282
Binding Energy (eV)

Figure 2.3. C1s XPS spectra of (a) macroscale aramid fibers, (b) ANFs and (c) fANFs.
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Figure 2.4. Si 2p XPS spectra of (a) ANFs and (b) fANFs.
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Figure 2.5. O 1s XPS spectra of (a) ANFs and (b) fANFs.
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2.3 Preparation and characterization of fANF reinforced rubber compounds

2.3.1 Preparation of fANF reinforced rubber compounds

The fANF reinforced rubber compounds were prepared using an internal mixer (C. W.
Brabender Plasti-corder) with a chamber size of 60 ml based on the recipes presented in Table 2.2.
A schematic illustration of the fANF reinforced rubber compound is shown in Figure 2.1b for
reference. The rubber compounding was performed in two stages with fill factors of 70%, and the
internal mixing temperature was maintained at 140 to 150 °C. In the first stage, styrene-butadiene
rubber SOL-6270M (MV 1+4 at 100 °C = 51, received from Kumho Petrochemical Co., Ltd)
containing 37.5 phr (parts per hundred parts of rubber) of treated distillate aromatic extract oil
content and butadiene rubber KBR 01 (MV 1+4 at 100 °C = 44, received from Kumho
Petrochemical Co., Ltd) were combined and masticated for 1 min in the mixer, before adding
carbon black (N339 grade, received from Birla Carbon), zinc oxide, stearic acid (provided by
Akrochem Corporation), and naphthenic oil (provided by R.E. Carroll, Inc). After mixing for 1
min, the fANF paste was introduced and mixed for 5 min. The water in the fANF paste was
evaporated during the mixing, as confirmed by measuring the weight of the mixed rubber
compounds. In the next stage, the rubber compounds were subsequently mixed with sulfur and n-
cyclohexyl-2-benzothiazole sulfonamide (CBS, provided by Akrochem Corporation) for 3 min,
and then passed through a two-roll mill prior to vulcanization. Samples were vulcanized in a hot
press at 168 °C for 10 min to fabricate the tensile testing and dynamic mechanical analysis
specimens at 2 mm thickness, and 160 °C for 20 min for the abrasion test specimens at 8 mm
thickness. The vulcanization conditions were determined by the cure characteristics obtained using

a Rheometer MDR 2000 (Monsanto) at 160 °C for 30 min.
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Table 2.2. Recipes of the fANF reinforced rubber compounds and the reference compound (unit:
phr). (#A and #R stand for # part of fANF was added and # part of carbon black was replaced by
fTANF, respectively.)

Ingredients Reference | 0.5A 1A 3A 6A 0.5R 1R 3R 6R
SOL-6270M 96.25 96.25 | 96.25 | 96.25 | 96.25 | 96.25 | 96.25 | 96.25 | 96.25
KBRO1 30 30 30 30 30 30 30 30 30
Carbon black, N339 50 50 50 50 50 49.5 49 47 44
fANF - 0.5 1 3 6 0.5 1 3 6
Naphthenic oil 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75
Zinc oxide 3 3 3 3 3 3 3 3 3
Stearic acid 1 1 1 1 1 1 1 1 1
Sulfur 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
CBS 2.2 2.2 22 2.2 22 22 2.2 2.2 2.2

2.3.2 Characterization and testing of fANF reinforced rubber compounds

The fracture surfaces of tensile testing samples were inspected using a field-emission
scanning electron microscope (SEM, JEOL JSM-7800FLV). The crosslink density of the fANF
reinforced rubber compounds was measured by the toluene swelling method as follows: In order
to extract organic additives, the samples were soaked in tetrahydrofuran (THF) for 3 days and n-
hexane for 2 days. They were dried at 25 °C for 2 days after which the weights of the obtained
samples were measured. The samples were then immersed in toluene for 2 days before measuring
the weights of the samples. The following equation was used to calculate the percentage of

swelling ratio (Q):

(2.1)
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where W, and W, are weights of the swollen and dried samples, respectively. The crosslink density

was then calculated using the following Flory-Rehner equation:[104,105]

2

Ve = —[In(1 —v,) + v, + 071/ [v <V§ - v—r>] (2.2)

where v, is the network chain density (mol/cm?®), v, is the volume fraction of rubber, x is the
Flory-Huggins parameter representing the toluene-rubber interaction (0.391), and v, is the molar
volume of toluene (106.3 cm*/mol).

In order to evaluate the role of the fANFs on the mechanical properties of the rubber
compound, both tensile tests and dynamic mechanical analysis were conducted. An Instron load
frame (5982 series) using a 100 kN load cell was used to perform the tensile tests. Standard ASTM
D412 type C specimens were tested at a strain rate of 500 mm/min according to ASTM D412.
Additionally, dynamic mechanical properties were obtained using a TA Q800 dynamic mechanical
analyzer (DMA) with temperature sweep. Test specimens which were length of 40.0 mm, width
of 6.0 mm, and thickness of 2.0 mm were tested in tensile mode with a heating rate of 3 °C/min
from -65 °C to 65 °C at 10 Hz and 0.5% strain. The abrasion resistance was then tested using an
AF02 DIN Abrasion Tester (Aveno Technology Co., Ltd) following the DIN 53516 standard.
Cylindrical shaped specimens with diameter of 16 mm and thickness of 8 mm were prepared and
abraded for a distance of 40 m on a drum covered with abrasive paper rotating at 40 rpm. The
weight of the sample was measured before and after the abrasion and the abrasion loss was

obtained using the following equation:

__Amgx Sy
AA - thS (2l3)

where A, is the abrasion loss (mm?), Am, is the mass loss (mg), d: is the density of the compound

(g/cm?), S is the abrasive grade (mg), and Sy is the nominal abrasive grade (200 mg). The calculated
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abrasion loss was converted to an abrasion resistance index by dividing the average abrasion loss

of the reference compound by the average abrasion loss of the sample.

2.3.3 Tensile properties

Tensile tests were performed on the fANF reinforced rubber compounds to investigate the
role of the fANFs on the mechanical properties. The average modulus, tensile strength, and
elongation at break of the fANF reinforced rubber compounds are summarized in Table 2.3, while
the stress-strain curves of the reference and fANF reinforced rubber compounds are presented in
Figure 2.6. When compared to the reference compound, the mechanical properties of fANF
reinforced rubber compounds are found to be improved after adding only 0.5 phr of fANFs. As
more TANFs were added to the rubber compound, or more carbon black was replaced by fANFs,
the moduli at 100% and 300% strain were simultaneously improved. Specifically, the moduli at
100% and 300% strain of the 6A samples were observed to be 65.3% and 27.1% higher,
respectively, than those of the reference samples. The tensile strength of the fANF reinforced
rubber compounds is also increased when up to 3 phr of fANFs is used in the rubber compounds.
Drawing from the results of the 0.5R, 1R, 3R, and 6R samples, it can be concluded that the fANFs
contribute to a more significant improvement of the mechanical properties of rubber compounds
in comparison to the more traditional carbon black. On the other hand, bare ANF reinforced rubber
compounds showed similar average modulus and tensile strength to the reference compound
(Table 2.4). These results can be attributed to the physical characteristics of the fANFs, and the
introduction of the covalent interface between the rubber molecules and fANFs. As previously
stated, the fANFs maintain the inherent high strength and stiffness of macroscale aramid fiber,

while gaining additional features such as a high aspect ratio and large specific area which are
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beneficial for the reinforcement of the polymer matrix.[7] Moreover, the introduction of the silane
coupling agent inhibits the polar functionalities on the surface of ANFs that usually complicate the
dispersion of ANFs into non-polar rubber molecules, while inducing covalent linkage with the
rubber matrix.[106] The crosslink density of the fANF reinforced rubber compounds also shows a
similar trend to that of tensile test results. For reference, a summary of the swelling ratio and
crosslink density is shown in Table 2.3. As the amount of fANFs added in the rubber compounds
increases, the swelling ratio is decreased, while crosslink density is increased. The crosslink
density is also increased when carbon black is replaced with fANFs, despite the samples having
the same filler loading as the reference compound. The observed behavior in crosslink density and
swelling ratio can be attributed to the covalent linkages between the rubber molecules and fANFs.
In addition to the physical interaction between carbon black and rubber molecules, the chemical
interaction induced by the fANFs can effectively improve the crosslink density and allow easier
transfer of the load and stress from the rubber matrix to ANFs, leading to improved tensile strength

and modulus of rubber compounds.

Table 2.3. Tensile test results and crosslink density of fANF reinforced rubber compounds.

Refere
nce

0.5A 1A 3A 6A 0.5R 1R 3R 6R

100% Modulus | 1.71+ 1.94+ | 206+ | 233+ | 2.82+ 1.96+ | 2.03+ | 226+ | 2.68+
(MPa) 0.01 0.06 0.11 0.12 0.20 0.01 0.29 0.03 0.13

300% Modulus | 7.48+ | 799+ | 840+ | 887+ | 951+ | 826+ | 856« 828+ | 823+
(MPa) 0.21 0.07 0.57 0.24 0.32 0.05 0.75 0.08 0.21

Tensile Strength | 13.40+ | 15.08+ | 1530+ | 16.01+ | 15.65+ | 13.85+ | 13.98+ | 1431+ | 14.26 <+
(MPa) 1.94 0.44 0.38 0.51 0.49 0.52 0.77 0.48 0.15

Elongation at 4519+ | 4695+ | 462.1+ | 4764+ | 4622+ | 429.1+ | 4284+ | 4549 | 480.0+
Break (%) 22.1 7.3 24.6 21.4 4.5 12.4 24.8 13.9 53

Swe”“g Ratio. | 938 | 235 | 231 | 214 | 206 | 237 | 236 | 230 | 222
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Crosslink
Density, v, (10* 2.89 2.97 3.07 3.52 3.77 2.93 2.95 3.10 3.30
mol/cm?3)

Table 2.4. Comparison of tensile test results of bare ANF and fANF reinforced rubber compounds
(1 part of nanofibers was added to the reference compound).

Reference Bare ANF 1 fANF 1A
100%
Modulus 1.71 £0.01 1.78 £ 0.05 2.06+0.11
(MPa)
300%
Modulus 7.48 £0.21 7.69+0.21 8.40 £ 0.57
(MPa)
Tensile
Strength 13.40+1.94 | 13.28+0.43 | 15.30+0.38
(MPa)
Elongationat | s\ o, 55 | | 43132108 | 462.1 4246
Break (%) ’ ’ ’ ’ ‘ '
(a) 8 ] Ref (b) ™ et
164 ——0.5A 164F—0.5R
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Figure 2.6. Stress-strain curves of fANF reinforced rubber compounds (a) when fANFs were added
and (b) when carbon black was replaced with fANFs.

2.3.4 Fracture surface analysis

The compatibility between the matrix and filler, along with the proper dispersion of the

reinforcing filler into the matrix, are essential parameters to obtain a high-performance
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nanocomposite. In order to observe the dispersion of the fANFs in the rubber compounds, the
fracture surfaces of tensile testing samples were examined post-testing using SEM as shown in
Figure 2.7. While the fracture surface of the reference compound displays a flat and smooth texture
(Figure 2.7a-b), the surface of samples with 1 part of fANFs clearly shows a considerable increase
in roughness (Figure 2.7c-d). Additionally, further increase in the fANF content results in rougher
fracture surfaces as can be seen in Figure 2.7e-h where the high magnification images show the
presence of fANFs on the fracture surfaces. It is observed that the fibrous fANFs are well-dispersed
within the rubber matrix, and the density of the nanofibers shown in the images increases with
increased TANF loading. Partial fANF agglomerations are observed when incorporating 6 parts of
ANFs in the rubber compound, however, 6A and 6R samples still displayed an improved modulus
during tensile testing. The displayed high compatibility and homogeneous dispersion of the fANFs
into the rubber matrix explain the improved mechanical performance discussed in the previous
section. Moreover, the performed fracture surface analysis indicates that the ANFs can be

uniformly dispersed in rubber compounds by simple dry mixing using a fANF/water paste.
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Figure 2.7. SEM images of the tensile test fracture surface. (a-b) Reference compound sample, (c-
d) 1R sample, (e-f) 3R sample, and (g-h) 6R sample.
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2.3.5 Dynamic mechanical properties

In addition to tensile testing, dynamic mechanical analysis was conducted to investigate
the effect of the fANFs on the viscoelastic characteristics of the rubber compounds. The resulting
tan 6 curves of the fANF reinforced rubber compounds with various fANF concentrations are
shown in Figure 2.8. The peak value of tan § is reflective of the dissipated energy at the polymer
matrix and filler interface and the mobility of the polymer molecules.[69] The introduction of
fANFs into the rubber compounds is found to reduce the tan & peak, with higher fANF content
yielding a larger decrease of the peak tan & value. The reduced tan 6 peaks indicate that the
incorporation of fANFs restricts the movement of the rubber molecules resulting in increased
interfacial energy dissipation between the rubber and filler.[105] Moreover, the covalent bonds
formed between the fANFs and rubber molecules further limit the mobility of the crosslinked
rubber structure, thus increasing the rigidity of the rubber compounds.

Tire performance parameters such as wet skid resistance and fuel saving efficiency are
usually predicted using the viscoelastic characteristics of rubber compounds. In particular, values
of tan 6 near 0 °C and 60 °C are widely utilized to predict the wet skid resistance and rolling
resistance, respectively, of tire tread rubber compounds.[107-109] A higher tan & value at 0 °C
usually represents better wet grip performance on roads, while a lower tan & value at 60 °C
indicates lower rolling resistance, signaling an improvement in fuel saving efficiency. From the
DMA results summarized in Table 2.5, the fANF reinforced rubber compounds demonstrated
comparable or improved fuel saving efficiency, relative to the reference compound, except for the
6A sample. Specifically, the 1R rubber sample is found to display the lowest tan 6 value at 60 °C,
indicating a 14.7% reduced rolling resistance relative to the reference compound, all while

preserving the wet skid resistance shown by the tan 6 value at 0 °C. These results can be explained
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by the characteristics of rubber-filler network. The rubber-filler network of traditional carbon black

reinforced rubber compounds relies on the van der Waals forces between the rubber and filler.[110]

The breakdown and reformation of the rubber-filler and filler-filler interactions dissipate energy

during the deformation of the rubber sample that increase the rolling resistance.[111] However,

the covalent bonding between the rubber molecules and fANFs prevents and reduces the

breakdown and reformation of the interaction which leads to energy dissipation and contributes to

the reduced rolling resistance.

Table 2.5. DMA results of fANF reinforced rubber compounds

Reference 0.5A 1A 3A 6A 0.5R 1R 3R 6R
tan 6 at 0 °C 0.393 0.386 0.404 0.385 0.398 0.420 0.395 0.392 0.388
tan 6 at 60 °C 0.116 0.117 0.108 0.117 0.142 0.106 0.099 0.108 0.115
(a) —Ref || (0) ——Ref |
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Figure 2.8. Resulting tan & curves of fANF reinforced rubber compounds (a) when fANFs were
added and (b) when carbon black was replaced with fANFs.
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2.3.6 Abrasion resistance

Abrasion resistance is one of the most significant tire performance metrics because it is related to
tire tread wear. Thus, the abrasion resistance of the fANF reinforced rubber compounds was
evaluated using a DIN abrasion tester to evaluate their performance relative to the baseline. Figure
2.9 shows the average abrasion resistance indexes of the fANF reinforced rubber compounds with
various filler concentrations relative to the reference rubber compound. For reference, a higher
abrasion resistance index indicates better abrasion resistance of the rubber sample. From the figure,
the abrasion resistance is found to increase as the amount of fANFs is increased up to 1 part in
both the case where fANFs were added and the case where carbon black was replaced with fANFs.
The abrasion resistance is observed to increase up to 14.0% when 1 part of fANFs was added to
the rubber matrix, while an 11.3% increase in abrasion resistance was observed when 1 part of
carbon black was replaced with fANFs. These results conclusively indicate the positive effect of
the fANFs on the abrasion resistance of rubber compounds. It is known that the abrasion resistance
can be enhanced by improving the dispersion of the filler, or increasing the rubber-filler
interaction.[112,113] In addition to the beneficial features of ANFs, such as excellent mechanical
properties and a high specific area, the functionalization using the silane coupling agent allows for
covalent bonding between the fANFs and rubber matrix. The TESPT functionalized ANF surface
also improves the dispersion of the fANFs, which have a hydrophilic chemical nature, in the
hydrophobic rubber matrix. In addition to the improved dispersion of fANFs, the enhanced
chemical interaction between the fANFs and rubber matrix improves reinforcement efficiency,
which leads to an enhanced abrasion resistance in the modified rubber compounds. Drawing from
the test results, the effect of fANFs on the “magic triangle” of tire performance is shown in Figure

2.10. Considering the performance predicted by the viscoelastic properties and abrasion test results
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of the fANF reinforced rubber compounds, fANFs can be considered as a promising nanofiller that

improves the fuel saving efficiency and abrasion resistance at the same time, without sacrificing

the wet traction performance.
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Figure 2.9. Abrasion resistance indexes of fANF reinforced rubber compounds.
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Figure 2.10. The “magic triangle” of tire performances for the fANF reinforced rubber compounds

(a) 1A sample and (b) 1R sample predicted by viscoelastic properties and abrasion resistance test
results.
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2.4 Chapter summary

In this chapter, ANFs were functionalized with a silane coupling agent, and the resulting
fANFs were used to prepare a fANF/water paste mixture that can be easily dispersed in a rubber
matrix using conventional dry mixing. Following the simple dry mixing and curing process, the
fANF reinforced rubber samples were mechanically tested using multiple methods to evaluate the
effect of the fANFs on the mechanical properties and viscoelastic properties necessary to assess
the performance of tire tread. Tensile testing, dynamic mechanical analysis, and abrasion
resistance testing were conducted, and the results were compared to that of the reference rubber
compounds. The tensile test results showed that moduli at 100% and 300% strain were increased
by 65.3% and 27.1%, respectively, when 6 parts of fANFs were added to the rubber compounds.
It was also observed that the fANFs provided superior filler performance to carbon black when
using the same amount. The contribution of the TESPT treatment to both the uniform dispersion
of nanofibers in the matrix and the reinforcement of compounds was confirmed by a fracture
surface analysis of tensile specimens and crosslink density measurement. Additionally, the rolling
resistance predicted by the viscoelastic properties was found to be improved by 14.7% when 1 part
of carbon black was replaced with fANFs, and 6.9% when 1 part of fANFs was added to the
compound. In each case the increase was achieved without deteriorating the wet traction
performance. Moreover, the abrasion resistance of the rubber compounds was enhanced by 14.0%
and 11.3% for 1A and 1R samples, respectively. This work thus conclusively demonstrates that
fANFs are a promising nanofiller that offers overall improvement to the “magic triangle”

performances of tire tread.
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Chapter 3
High Strength Epoxy Nanocomposites Reinforced by Epoxy Functionalized

Aramid Nanofibers
3.1 Chapter introduction

The focus of chapter 3 is the use of epoxy functionalized aramid nanofibers (ANFs) for the
reinforcement of thermosetting polymers, especially epoxy nanocomposites. Thermosetting
polymers have been demonstrated over the past couple of decades to exhibit improved mechanical
properties when nanofillers are introduced. These improvements can be further increased through
the introduction of covalent linkages between the polymer matrix and nanofillers that enhances the
chemical interaction between them. In this work, ANFs are functionalized using a glycidyl ether
silane coupling agent and their effect on the mechanical strength and dynamic mechanical
properties of epoxy resin are investigated. Static and dynamic mechanical properties of the epoxy
functionalized ANFs (EANFs) reinforced epoxy nanocomposites with different weight fractions
are evaluated by conducting tensile testing and dynamic mechanical analysis. The results show
that Young’s modulus and tensile strength of 1 wt % EANFs reinforced nanocomposites increase
by 16.8% and 14.0%, respectively, and fracture toughness increases by 4.4 times with the addition
of 1.5 wt % EANFs. Additionally, both an increase in storage modulus and glass transition
temperature are observed during dynamic mechanical analysis with increasing percentage of
EANFs. Thus, this work demonstrates that the EANFs can further enhance the mechanical and
viscoelastic properties of epoxy nanocomposites through chemical crosslinking between the epoxy

matrix and ANFs.
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3.2 Preparation and characterization of EANFs

3.2.1 Preparation of EANFs

The ANF solution was prepared using the method first demonstrated by Yang et al.[4]
Here, 1.0 g of KM2+ aramid fibers (style 790 scoured, CS-800, received from JPS Composite
Materials) and 1.5 g of potassium hydroxide (KOH) (ACS certified, Fisher Scientific) were added
to 500 mL of dimethyl sulfoxide (DMSQO) (ACS certified, Fisher Scientific). The mixture was
stirred using a magnetic stirrer at room temperature for seven days, until a dark red solution of
evenly dispersed ANFs was obtained. In order to functionalize the ANFs, 2 g of 3-
glycidoxypropyltrimethoxysilane (received from Sigma-Aldrich) was added to the ANF/DMSO
solution, and the mixture was stirred at 80 C for 24 h (Figure 3.1a). Both ANFs and EANFs
solutions were prepared for comparison.

The ANFs and EANFs were precipitated out of the solution and isolated by adding 500
ml of deionized water. Vacuum filtration was then used to collect the precipitate, after which the
high pH of the solution was neutralized by washing with deionized water several times. Finally,
the ANFs and EANFs were washed again with acetone (ACS reagent, Sigma-Aldrich) and dried

in a vacuum oven at room temperature.
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Figure 3.1. Schematic illustration of the reactions for (a) the preparation of EANFs, and (b) the
EANF reinforced epoxy matrix.

3.2.2 Characterization of EANFs

The nanofibers’ surface was imaged using an atomic force microscopy (Park AFM XE-70)
to characterize the dimension and morphology of the ANFs and EANFs and determine any
alterations due to the silane functionalization. The AFM images of the ANFs and EANFs are
shown in Figure 3.2a and 3.2b, respectively. The AFM images were taken after spin coating and
drying of isolated ANFs and EANFs dispersed in acetone on silicon wafers. From the figure, the
EANFs maintained the fibrous shape observed in the untreated ANF image after treatment with
the epoxy functionalized silane coupling agent. Additionally, little agglomeration of nanofibers
was observed for both ANFs and EANFs images even after drying the nanofibers. The AFM
images indicate that the ANFs have diameters in the range of 3 to 10 nm and the EANFs have

diameters in the range of 4 to 10 nm. Thus, it can be observed that the morphology and dimension
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of epoxy functionalized ANFs are similar to those of ANFs and they can be dispersed well in

polymer matrices.

\

,‘,.,/f \ S
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Figure 3.2. Enhanced color AFM images of (a) ANFs and (b) EANFs.

The chemical compositional change of the ANFs before and after the dissolution process
was characterized by attenuated total reflection (ATR) Fourier transform infrared spectroscopy
(FTIR) using a Nicolet iS60 spectrometer (Thermo Scientific) equipped with a SMART iTR
accessary. Figure 3.3a and 3.3b show the FTIR spectra of the bare aramid fibers and untreated
ANFs respectively. By examining these spectra, the chemical structures of ANFs are observed to
exhibit an increase in the C=0 stretching peak at 1642 cm™, and a slight increase of phenyl-N
stretching peak at 1309 cm™ compared to those of bare fibers, as indicated by Patterson et al. and
Nasser et al.[5,6,103] The increase of these peaks indicates that functional groups like carboxylic
acid and amine were increased on the surface of ANFs compared to the bare aramid fibers during

the dissolution and hydrolysis process. ANFs are thus more reactive than bare aramid fibers due
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to the presence of additional functional groups on the surface while retaining their original
aromatic amide structure.[5,114]

Chemical characterization of the EANFs was also performed through ATR-FTIR after the
ANFs were treated with the epoxy functionalized silane coupling agent. Figure 3.3c shows the
FTIR spectra of epoxy functionalized silane and Figure 3.3d shows that of EANFs. After the
treatment of the ANFs with epoxy functionalized silane, the absorption peaks at 2940 and 2875
cm* corresponding to the methylene asymmetric and symmetric stretching vibration from the alkyl
chains assigning to silane moieties, respectively, were observed. The Si-CH.-R stretching
vibration peak at 1199 cm, Si-O stretching vibration peak at 1100 cm™, and Si-O-C stretching
vibration peak at 1017 cm™ were also observed after the treatment. The introduction of the epoxy
functional group on the ANFs was confirmed by the peak at 910 cm™ which indicates the
asymmetric stretching vibration of the epoxy group. These above results show that the ANFs could
react with the epoxy functionalized silane coupling agent.

The EANFs containing epoxide end-groups like those in the epoxy resin can improve the
compatibility with the epoxy matrix and provide covalent crosslinking through the reaction with
amine groups in the curing agent, Epikure W (diethyltoluenediamine, received from Hexion). To
confirm a contribution to the reinforcement of epoxy resin by the EANFs, curing agent Epikure W
was reacted with the EANFs and characterized using ATR-FTIR. As shown in Figure 3.3f, the R-
NH; peak at 1610 cm™ and ring C=C stretching at 1480 cm™ were observed, and the absorption
peak at 910 cm™ which correspond to the epoxy group was not seen after the reaction. These
changes indicate that the EANFs can be reacted with the curing agent Epikure W and provide a
direct contribution to the reinforcement by covalent bonding between the crosslinked epoxy resin

network and the ANFs.
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Figure 3.3. FTIR spectra of (a) bare aramid fiber, (b) ANF, (c) epoxy functionalized silane, (d)
EANF, (e) curing agent Epikure W, and (f) reactant of EANFs and Epikure W.

The chemical composition changes were also investigated using a Kratos Axis Ultra X-
ray photoelectron spectroscopy (XPS) system under high vacuum (< 1x10°8 Torr) with a
monochromatic Al Ka source, 20 eV pass energy, and 0.05 eV step size. XPS spectra of bare
aramid fibers, untreated ANFs, and EANFs were obtained for comparison. The results are shown
in Table 3.1, and Figure 3.4 to 3.6. From the element analysis summarized in Table 3.1, the content
of O element increased from 7.90 to 10.63% after the dissolution process of aramid fibers which
yields ANFs. The increase of O element in the ANFs indicates that functional groups like
carboxylic acid and hydroxyl group were increased on the surface of ANFs compared to the bare
aramid fibers during the dissolution and hydrolysis process. In addition to the increased O element

content, the C 1s XPS spectra in Figure 3.4a and 3.4b show the chemical compositional changes
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between the bare aramid fibers and the ANFs. The C1s binding energy at 290.3 eV represents
newly created COOH functionalities and verifies cleavage of the amide bond of the aramid fibers
during the dissolution and hydrolysis process.[5,6,103] Due to the increase of functional groups
on the surface, the ANFs can be more reactive than the original aramid fibers.

After the ANFs were treated with the epoxy functionalized silane coupling agent, 1.70%
of Si element was observed on the surface of EANFs from the element analysis shown in Table
3.1. Figure 3.5 also shows the peaks at 102.8 eV and 103.7 eV which correspond to the binding
energy of S-OH and Si-O-C, respectively, after the treatment of ANFs. The presence of C-O-Si
bond and Si element indicates the formation of the coupling reaction between the ANFs and the
silane coupling agent. The XPS spectra of O 1s on the surface of ANFs and EANFs are shown in
Figure 3.6a and 3.6b. For the untreated ANFs, there are only two peaks at 531.2 eV and 533.1 eV
which can be attributed to C=0 and C-OH. However, new peaks at 530.8 eV, 532.8 eV and 534.0
eV which are assigned to Si-O-Si, Si-OH or COOR, and C-O-Si were observed from the O 1s XPS
spectra of EANFs. Moreover, the C 1s XPS spectra show new C-Si peak at 282.1 eV and an
increase of the peak at 285.7 eV which corresponds to C-N or C-O-C after the treatment of ANFs.
The increase of the peak at 285.7 eV can be attributed to the epoxide group in the epoxy
functionalized silane coupling agent. From the O 1s and C 1s XPS spectra, the functionalization
of ANFs and the introduction of epoxy functional groups on the surface of ANFs were further

confirmed.
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Table 3.1. The element content analysis of bare aramid fibers, ANFs and EANFs using XPS.

Sample C 1s (%) 0 1s (%) N 1s (%) Si 2p (%)
Bare aramid fibers 84.75 7.90 7.35 -
ANFs 83.30 10.63 6.07 -
EANFs 78.60 12.72 6.98 1.70
(a) (b)
0 2
O O
0-C=0 or COOH
290 288 286 284 282 292 290 288 286 284 282

Binding Energy (eV)

Binding Energy (eV)

(c)

CPS

0-C=0 or COOH

C-N or C-O-C

C-C

T
292

T
290

T
288

T
286

T T
284 282

Binding Energy (eV)

Figure 3.4. Normalized C 1s XPS spectra of (a) bare aramid fibers, (b) ANFs and (c) EANFs.
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Figure 3.5. Normalized Si 2p XPS spectra of (a) ANFs and (b) EANFs.
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Figure 3.6. Normalized O 1s XPS spectra of (a) ANFs and (b) EANFs.

3.3 Fabrication and characterization of EANF reinforced epoxy nanocomposites

3.3.1 Fabrication of EANF reinforced epoxy nanocomposites

Epoxy nanocomposite specimens were prepared by adding varying weight fractions of

EANFs, ranging from 0.2% to 2.0%, to the EPON 862 epoxy resin (diglycidyl ether of bisphenol-
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F epoxy, received from Hexion) (Figure 3.1b). The EANFs were dispersed into the epoxy resin
through horn sonication (Fisher Scientific Model 500) for 20 min and they were further mixed
using shear mixer (FlackTek Speedmixer DAC 150.1 FVZ) for 15 min at 3000 rpm. Then 26.4 phr
(part per hundred resin) of curing agent Epikure W was added to the mixture via centrifugal mixing
for another 10 min. The final mixture was thoroughly degassed at 70 °C in a vacuum oven before
it was cast into molds. After which a four-step curing procedure was used: first, room temperature
to 121 °C for 30 min, followed by 121 °C for 120 min, 177 °C for 30 min, and finally 177 °C for
120 min. Epoxy specimens reinforced with untreated ANF and neat epoxy resin were also prepared

using the same procedure described above.

3.3.2 Tensile properties

Tensile tests were conducted to investigate the effect of epoxy functionalization on the
ANF reinforcement of the epoxy nanocomposites. The tensile tests were conducted at room
temperature using an Instron universal load frame (Model 5982) with a 100 kN load cell. Standard
type V dumbbell-shaped specimens were tested for the tensile tests at a crosshead speed of 1
mm/min following ASTM standard D638. Figure 3.7 shows the average tensile strength and
Young’s modulus of the EANF reinforced nanocomposites. From the figure, the Young’s modulus
was increased even with a nanofiber concentration as low as 0.2 wt %. However, the
nanocomposite with 1 wt % nanofiber concentration showed the highest Young’s modulus, 3.00
+ 0.11 GPa, which is approximately 16.8% higher than that of neat epoxy resin. The tensile
strength of the nanocomposites was also observed to increase up to 88.9 £ 0.9 MPa at 1.0 wt %,
displaying approximately 14.0% higher strength than that of the neat epoxy resin. When more than

1.0 wt % of the nanofibers was incorporated into the nanocomposites, the tensile strength and
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Young’s modulus were slightly decreased. This decrease with higher concentrations of ANFs is
likely due to micro voids in the nanocomposites which are present even after the degassing process.
The addition of the epoxy functionalized ANFs into the epoxy resin mixture resulted in a
significant increase in viscosity, which causes micro void defects in the crosslinked
nanocomposites.[115,116] However, despite the increased number of defects, the Young’s
modulus of 1.5 and 2.0 wt % nanocomposites were 14.7 and 13.0% higher than that of the neat
resin, respectively, and the tensile strength of those nanocomposites were 12.4 and 12.9% higher

compared to the neat resin, respectively.

(a) 3200 (b)

Young's Modulus (MPa)
Tensile Strength (MPa)

Epoxy 0.2% 0.5% 0.7% 1.0% 1.5% 2.0% Epoxy 0.2% 0.5% 0.7% 1.0% 1.5% 2.0%
Weight Fraction of Epoxy Functionalized Aramid Nanofibers Weight Fraction of Epoxy Functionalized Aramid Nanofibers

Figure 3.7. (a) Young’s modulus and (b) tensile strength of EANF reinforced epoxy
nanocomposites.

The introduction of chemical linkage between the epoxy resin matrix and the ANFs by the
epoxy functionalization of the ANFs can lead to improved mechanical strength in comparison to
conventional ANF reinforced epoxy nanocomposites. To prove this, epoxy nanocomposites
reinforced with ANFs were prepared and tested using the same Instron load frame and testing

conditions. Figure 3.8 shows the average Young’s modulus, tensile strength and representative
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stress-strain curves of the epoxy nanocomposites reinforced with ANFs and EANFs with
concentrations up to 1.0 wt %. The untreated ANF reinforced epoxy resin specimens showed
improved Young’s modulus and tensile strength compared to the neat epoxy resin when the
concentration of ANFs increased up to 1.0 wt %. However, the lowest average Young’s modulus
and tensile strength of EANF reinforced epoxy nanocomposites were found to be higher than the
highest average Young’s modulus and tensile strength of ANF reinforced samples. The 1.0 wt %
EANF reinforced epoxy nanocomposites showed a 5.8% improved Young’s modulus and a 4.3%
improved tensile strength compared to the epoxy resin reinforced at the same weight fraction of
untreated ANFs. These results confirm the effect of the epoxy functionalization on the mechanical
properties of polymer nanocomposites. In addition to the characteristics of ANFs that are
beneficial for the reinforcement of nanocomposites such as abundant polar functional groups on
the surface and a large surface area, the epoxy functionalization produces covalent bonding
between the ANFs and the epoxy matrix. The improved chemical interaction through the silane
coupling agent between the ANFs and the polymer matrix improved their stress transferring

efficiency which leads to enhanced mechanical properties of epoxy nanocomposites.[29,35,117]
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Figure 3.8. (a) Young’s modulus, (b) tensile strength and (c) stress-Strain curves of epoxy
nanocomposites reinforced with ANFs and EANFs.

3.3.3 Fracture properties

Three-point bending tests using Single edge notch bend (SENB) specimens were
performed to evaluate the fracture properties of the epoxy nanocomposites according to the
requirements of ASTM D5045-99. The critical stress intensity factor (Kic) and fracture toughness

(Gic) of the specimens were calculated using equation (3.1) and (3.3), respectively.

Kje = 2% £ (x) (3.2)

BW?2

_ gar1/2 [199-x(1-2)(2.15-3.93x+2.7x?)]
f(x) 6x (1+2x)(1-x)3/2

x=a/W (3.2)
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Gre =M< (1 - v2) (3.3)

E

where Pmax is the peak load, B is the thickness of the specimen, W is the width of the specimen, a
is the crack length, E is the Young’s modulus measure from the tensile tests, and v is Poisson’s
ratio (assumed to be 0.353 for all samples). The average critical stress intensity factor, Kic, and
fracture toughness, Gic, of nanocomposites reinforced with ANFs and EANFs are compared and
shown in Figure 3.9a and 3.9b, respectively. Both ANF and EANF reinforced composites showed
higher Kic and Gic than those for the neat epoxy resin. However, the highest Kic and G for the
untreated ANF reinforced epoxy samples were lower than those for the EANF reinforced
nanocomposites. Moreover, the Kic and Gic increased with increasing EANFs loading up to 1.5
wt % but those for the ANF reinforced epoxy nanocomposites slightly decreased at 1.5 wt % ANFs
loading. The test results demonstrate that the nanocomposites reinforced with 1.0 wt % EANFs
can improve the critical stress intensity factor by 139% and the fracture toughness by 376%
compared to the neat epoxy resin. The samples with 1.5 wt % EANFs showed the highest
enhancement in the critical stress intensity factor by 152% and the fracture toughness by 437%.
The enhanced fracture toughness of the epoxy nanocomposites can be related to the role of ANFs
and covalent bonding between the epoxy matrix and ANFs.[7] Energy can be dissipated at the
interphase region because of the sliding of ANFs which can impede the crack propagation. The
ANFs can also contribute to the crack bridging due to the high aspect ratio of the ANFs. The test
results indicate that the crack bridging can be further enhanced by the improved chemical
interaction between the matrix and ANFs based on the covalent linkages. Considering the tensile
and fracture properties of the EANF reinforced epoxy nanocomposites, the EANFs can be
considered as promising nanofillers that simultaneously improve the mechanical strength and

fracture resistance.
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Figure 3.9. (a) Critical stress intensity factor, Kic, and (b) fracture toughness, Gic, of ANF and
EANF reinforced epoxy nanocomposites.

3.3.4 Dynamic mechanical analysis

In addition to the tensile tests and fracture toughness tests, dynamic mechanical analysis
was performed in tensile mode using a dynamic mechanical analyzer (TA DMA 800) to investigate
the effect of the EANFs on the dynamic mechanical properties of epoxy nanocomposites.
Specimens cut to dimensions 20.0 mm long x 4.0 mm wide x 2.0 mm thick were tested at 1 Hz
with a constant heating rate of 3 °C/min starting from room temperature up to 200 °C in air. The
storage modulus (E”) and tan 6 measured at 1 Hz frequency are plotted as a function of temperature
and are shown in Figure 3.10 and 3.11, respectively, for both untreated ANF reinforced
nanocomposites as well as EANF reinforced nanocomposites. The storage modulus was observed
to decrease with increasing temperature for every sample and exhibited a relaxation around 130 °C,
which is associated with the glass transition. Epoxy nanocomposites reinforced with ANFs and

EANFs showed improved storage modulus both below and above the glass transition temperature.
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Both ANF reinforced epoxy resins and EANF reinforced samples showed a maximum storage
modulus at 1.0 wt % and slightly decreased storage modulus at 1.5 wt % which is a similar trend
as the tensile testing. The addition of 1.0 wt % EANFs yielded a 13.4% increase in storage modulus
at 40 °C over the neat epoxy resin while the same weight fraction of ANFs showed a similar storage
modulus compared to the neat epoxy resin. The EANFs also improved the storage modulus of the
nanocomposites at a higher temperature in the rubbery state as shown in Table 3.2. The results can
be explained in terms of chemical interfacial interaction between the ANFs and the epoxy matrix.
The interfacial interaction improved due to the epoxy functionalization of ANFs, and the mobility
of the epoxy main chain can be restricted by the bonding between the ANFs and the epoxy
matrix.[27,117,118] However, the untreated ANFs improved storage modulus less than EANFs
which is attributed to the relatively weaker interfacial bonding between the untreated ANFs and
the epoxy matrix.

The storage modulus of the composites can be predicted by theoretical models. Einstein
suggested a simple equation to estimate the storage modulus using a volume fraction of the fillers
in the composites.[119,120]

E.=En,(1+V) (3.4)
where E¢ and En are the storage modulus of the composite and the matrix, respectively, and V¢ is
the volume fraction of the filler. The equation was modified by Guth as follows.[119,120]

E. = En(1+ 2.5V, + 14.1V;%) (3.5)

Mooney suggested an exponential relation about the storage modulus of composites.[119,120]

2'5Vf

E.=E,e 5r (3.6)

where S is the crowding factor that is defined as the ratio of the apparent volume of the filler to

the true volume occupied by the filler. Here, S was taken to be 1 because it was reported in previous
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studies for filler loading up to 30 wt %. The experimental storage modulus results of ANF and
EANF reinforced epoxy in the glassy and rubbery state were compared with the theoretical
predictions based on the models above and summarized in Table 3.2. It was observed that the
models could predict the storage modulus of the EANF reinforced epoxy composites in the glassy
state. However, the predictions using the models deviated from the experimental values for both
ANF and EANF reinforced epoxy samples in the rubbery state.

The tan 6 value is a ratio of the loss modulus to the storage modulus and is related to the
amount of mobile polymer chains and the energy dissipation at the matrix and filler interface. The
neat epoxy showed the highest tan 6 peak value which decreased as the weight fraction of ANFs
and EANFs increased. The lowered tan 6 peak values indicate that the incorporation of ANFs and
EANFs in the epoxy matrix limits the epoxy main chain movement and the energy dissipation
process is slowed down by the ANFs and EANFs.[38,121] The tan & peak values can be used to
estimate the amount of constrained chains of epoxy resin based on the relationship between the
energy loss fraction of the polymer nanocomposites (W) and tan 6 value used by Zhang et al and

Vijayan et al.[122,123]

W = T tan é (3.7)

mtan§+1

The energy loss fraction W can be expressed by the amount of constrained region by the

following equation.

_ (a-0wy
1-C,

w (3.8)

where C and Co are the volume fraction of the constrained region of epoxy nanocomposites and
neat epoxy resin, respectively, and Wy is the energy loss fraction of the constrained region of neat

epoxy resin. The energy loss fraction (W) of the ANF and EANF reinforced epoxy nanocomposites
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can be calculated using the tan & peak values according to the equation (3.8). The equation is

rearranged as follows.

Cc=1-4W (3.9)

Wo

The value of Co is taken to be 0 for totally amorphous phase in epoxy matrix. Then, the
fraction of the constrained region of ANF and EANF reinforced epoxy nanocomposites can be
estimated from the equation (3.9) using calculated W values and summarized in Table 3.3. The
values of C tend to increase with increasing ANFs and EANFs content and the values for the EANF
reinforced epoxy resin are higher than those for the ANF reinforced epoxy resin up to 1 wt %. The
results show that the enhanced interfacial interaction between ANFs and the matrix can effectively
cause the configurational constraints of the epoxy chains which improve the fraction of constrained
region and mechanical properties in the nanocomposites.[124]

The values of the glass transition temperature, T4, were determined from the maxima of
the tan & peaks in Figure 3.11. The glass transition temperature versus the weight percent of ANFs
and EANFs is summarized in Table 3.3. The Tq4 values of the 0.5 and 1.0 wt % ANF reinforced
epoxy samples were slightly lower than that of the neat epoxy resin samples. However, the 1.5 wt %
ANF reinforced epoxy showed an increased glass transition temperature. In contrast, it is shown
that the T increased as more EANFs were incorporated into the nanocomposites. It is known that
the glass transition behavior of a pure polymer or nanocomposites depends on the mobility of
polymer chains in the matrix. The Tg4 can be affected by the chemical structure and flexibility of
the polymer chains, and the nature and morphology of the nanofillers. The shifting of Tg to higher
temperature corresponds to the decreased mobility of the polymer chains by the addition of
nanofillers and the improved interfacial adhesion between the matrix and the nanofillers.[119,125]

The incorporation of EANFs in the epoxy matrix may hinder the movement of polymer chains and

63



minimize the empty or free space in the matrix.[28,126] Moreover, the formation of covalent
linkages between the ANFs and the epoxy matrix during the curing of resin restricts the mobility
of the crosslinked epoxy structure which contributed to increase the T4.[27,29,35,117] A similar
trend was reported in another study where the addition of epoxy functionalized graphene oxide to
an epoxy matrix increased the Tg4 as the amount of functionalized graphene oxide increased.[35]
In another study, epoxy nanocomposites reinforced with silane treated carbon nanofibers showed
a higher T4 than the nanocomposites reinforced with untreated carbon nanofibers.[27] These
results thus further confirm the improved chemical interaction and interfacial adhesion between

the EANFs and the epoxy matrix.

Epoxy
——ANFO0.5
——ANF1.0
——ANF1.5
——EANFO0.5
——EANF1.0
——EANF1.5

1500

1000

Storage Modulus (MPa)

500

T T T T T T T ¥ T |
40 60 80 100 120 140 160 180

Temperature (°C)

Figure 3.10. Storage modulus of ANF and EANF reinforced epoxy nanocomposites containing
different weight fractions from 40 to 180 °C.
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Table 3.2. Comparison of experimental and predicted storage modulus of ANF and EANF
reinforced epoxy nanocomposites.

ANF (Exp.) EANF (Exp.) Einstein Guth Mooney
Fiber

content E’ at E’ at E’ at E’ at E’ at E’ at E’ at E’ at E’ at E’ at
(wt %) 40°C 160°C 40°C 160°C 40°C 160°C 40°C 160°C 40°C 160 °C
(GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (MPa)

0 2.62 15.72 2.62 15.72 2.62 15.72 2.62 15.72 2.62 15.72
0.5 2.54 15.90 2.63 19.96 2.63 15.80 2.65 15.92 2.65 15.92
1.0 2.63 18.98 2.97 24.27 2.65 15.88 2.69 16.14 2.69 16.12
1.5 2.60 23.46 2.74 29.01 2.66 15.96 2.73 16.36 2.72 16.33

Table 3.3. Summary of Tg, and constrained region for ANF and EANF reinforced epoxy
nanocomposites.

Sample

T (°C)

Constrained region

©
Epoxy resin 134.1 -
ANF 0.5 wt % 132.1 0.012
ANF 1.0 wt % 133.6 0.045
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ANF 1.5 wt % 136.4 0.081

EANF 0.5 wt % 137.1 0.040
EANF 1.0 wt % 139.2 0.052
EANF 1.5 wt % 139.8 0.061

3.4 Chapter summary

In this chapter, EANFs were prepared through chemical treatment of the ANFs with a
glycidyl ether silane coupling agent, and EANF reinforced epoxy nanocomposites were fabricated
and tested to elucidate the impact of chemical bonding on the effectiveness of the polymer
nanofiber reinforcement. The surface functionality of the ANFs were identified by FTIR and XPS
before and after the ANFs were functionalized through silane treatment. The tensile properties,
fracture properties and viscoelastic behavior of the EANF reinforced epoxy nanocomposites were
studied and compared with neat epoxy resin and conventional ANF reinforced epoxy
nanocomposites. The epoxy functional groups on the surface of the ANFs provided chemical
linkages between the epoxy matrix and ANFs which was shown to enhance the overall mechanical
properties of the nanocomposites. The experimental results showed that the Young’s modulus and
tensile strength of 1 wt % EANF reinforced nanocomposites increased by 16.8% and 14.0%,
respectively. The 1 wt % EANF reinforced nanocomposites showed a 5.8% higher Young’s
modulus and a 4.3% higher tensile strength compared to the nanocomposites reinforced with the
same weight fraction of untreated ANFs. Fracture toughness of the EANF reinforced epoxy
composites also increased by 376% and 437% with the addition of 1.0 and 1.5 wt % EANFs,
respectively. In dynamic mechanical analysis, the storage modulus increased by 13.4% for 1.0 wt %
EANF reinforced nanocomposites compared to the neat epoxy resin at 40 °C, and the glass

transition temperature increased as the amount of EANFs within the epoxy matrix increased. Thus,
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through a simple modification of the ANFs, further enhancement of mechanical strength and

viscoelastic properties were achieved for polymer nanocomposites.
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Chapter 4
Synergetic Effect of Aramid Nanofiber-Graphene Oxide Hybrid Filler on the

Properties of Rubber Compounds for Tire Tread Application
4.1 Chapter introduction

This chapter establishes the use of aramid nanofiber (ANF)-graphene oxide (GO) hybrid
filler for the application of tire tread rubber compounds. The properties of rubber compounds used
in tire tread largely contribute to the overall performance of tires in vehicles. Among the various
ingredients used, reinforcing fillers are known for having the most significant effect on the static
and dynamic properties of rubber compounds. As shown in our previous chapter, silane coupling
agent modified ANFs improved the properties and performance of tire tread rubber compounds
without deteriorating other properties. In addition to the use of one class of reinforcing fillers, the
combination of two strong nanomaterials and the synergistic effect of the hybrid materials on the
properties of polymer matrices have been investigated by researchers. In this work, two strong
nanoscale materials, ANFs and GOs, are modified using a silane coupling agent and combined to
form a novel hybrid filler. The functionalized ANF/GO (FANF/GO) hybrid filler is obtained by
adding functionalized GOs (fGOs) into functionalized ANFs (fANFs). The fANF/GO reinforced
rubber compounds are then fabricated and tested to investigate the effect of the novel hybrid filler
on mechanical and dynamic mechanical properties. The prepared rubber compounds using hybrid
fillers exhibit improved mechanical properties and abrasion resistance compared to rubber
compounds only reinforced using fANF or fGO alone and reference compounds. Moreover,

dynamic mechanical analysis reveals a 21.8% decrease in the rolling resistance of fANF/GO
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reinforced rubber samples while preserving wet grip performance. Thus, this research
demonstrates the potential of the ANFs and GOs-based functionalized hybrid fillers for the

application of high-performance tire treads.

4.2 Preparation and characterization of fANF/GO hybrid filler

4.2.1 Preparation of fANF/GO hybrid filler

ANF/DMSO suspensions were prepared using the method developed by Yang et al.[4] A
mixture consisting of Kevlar® (2 g, CS-800), potassium hydroxide (KOH, 3 g, Fisher Scientific),
and dimethyl sulfoxide (DMSO, 1000 mL, Fisher Scientific) was stirred for 7 days at 25 °C until
an ANF suspension is formed. In order to functionalize the ANFs’ surfaces, 10 wt % of
bis(triethoxysilylpropyl)tetrasulfide (TESPT, provided by Evonik) was added to the prepared
suspension, which was then stirred at 80 °C for 24 h. Concurrently, GOs were synthesized using
the modified Hummer’s method using a preoxidized graphite precursor.[127] The prepared GOs
(2 g) were dispersed in DMSO (500 mL), followed by the addition of 10 wt % of TESPT, and then
stirring at 80 °C for 24 h. The functionalized GO/DMSO solution and the functionalized
ANF/DMSO solution were combined and stirred at room temperature for 4 h to prepare
functionalized ANF/GO hybrid filler (FANF/GO) (Figure 4.1).

An equivalent amount of deionized water to DMSO was added to the final mixture to
isolate the fANF/GOs, which were then collected using a vacuum-assisted filtration process. The
fANF/GOs were then washed with deionized water and acetone several times to neutralize the
highly basic solution and remove any unreacted chemicals. The obtained fANF/GOs were
dispersed in water using sonication (Fisher Scientific Sonic Dismembrator Model 500) and then

slightly dried to form an fANF/GO paste with 90 wt % water content. Functionalized ANFs
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(FANFs) and functionalized GOs (fGOs) were also prepared using the previously described

procedures for comparison.
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Figure 4.1. Hlustration of the preparation of (a) fANF and fGO, and (b) fANF/GO hybrid filler.

4.2.2 Characterization of fANF/GO hybrid filler

The chemical compositions of the fANF, fGO, and fANF/GO before and after
functionalization were characterized by attenuated total reflectance— Fourier transform infrared
spectroscopy (ATR-FTIR), which was performed on a spectrometer (Nicolet iS60) equipped with
a SMART iTR accessory. The FTIR spectra of fANFs, fGOs, and fANF/GOs before and after the

functionalization and combination are shown in Figure 4.2. The characteristic peaks displayed by
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ANFs after the dissolution of aramid fibers are consistent with those previously
reported.[6,69,72,76] From the results in Figure 4.2a, the functionalization of the ANFs was
confirmed based on the appearance of new characteristic peaks. Following functionalization, a
peak at 2920 cm corresponding to the methylene stretching vibration in the TESPT is observed
in the fANFs’ FTIR spectrum. The peaks at 1246, 1199, 1100, 1017, and 950 cm™? are also
attributed to the CHz wagging in -CH2-S-, Si-CH>-R, Si-O, Si-O-C, and Si-O stretching vibration,
respectively, as a result of functionalization. Similar to fANFs, fGOs display a new methylene
stretching vibration peak at 2920 cm™ post-functionalization, as shown in Figure 4.2b. In addition
to the new peak, the fGOs display CHs stretching, CH> wagging, Si-O-C, and Si-O stretching
vibration peaks at 1391, 1298, 1017, and 950 cm™, respectively, after treatment. These new
representative peaks confirm the introduction of a silane coupling agent on the surface of both
ANFs and GOs. Once functionalized, both fANFs and fGOs were combined to obtain the
fFANF/GO hybrid fillers, which were subsequently characterized using FTIR. As seen in Figure
4.2c, the TANF/GOs FTIR spectra display the main characteristic peaks of both fANFs and fGOs.
Thus, the chemical structural changes detected by FTIR confirm the functionalization of the ANFs

and GOs in addition to their successful combination to form a new hybrid nanofiller.
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Figure 4.2. FTIR spectra of (a) fANFs, (b) fGOs, and (c) fANF/GOs.

The structure of the combined fillers was also characterized using X-ray diffraction (XRD)
analysis and is shown in Figure 4.3a. The XRD patterns were monitored using CuKo radiation (A
= 0.154 nm) on an X-ray diffractometer (Rigaku Ultima 1V). Due to the crystalline structure of
Kevlar, the XRD patterns of both ANFs and fANFs display the characteristic peaks at 20.6° and
22.9°, corresponding to the 110 and 200 planes of Kevlar, respectively.[4,128] In contrast, GOs
show a sharp characteristic peak at 12.8° with a d-spacing of 0.69 nm. However, the characteristic

peak was observed to shift to 12.1° post-TESPT functionalization, corresponding to a d-spacing
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of 0.74 nm. These results confirm the disruption of interlayer packing of GOs through
functionalization.[50] Once fANFs and fGOs are combined, a small peak at 12.1° is observed,
which is attributed to the characteristic peak of fGOs. Moreover, two peaks are also found at 20.6°
and 22.9°, corresponding to the characteristic peaks of fANFs. The ultraviolet-visible spectroscopy
(UV-vis) was also used to confirm the preparation of the fANF/GOs. UV-vis spectrophotometer
(PerkinElmer Lambda 950) was used to obtain UV-vis spectra in the range between 250 and 800
nm. As seen in Figure 4.3b, fANFs, fGOs, and fANF/GOs all show a shoulder peak near 300 nm,
which is attributed to the tetrasulfide in the TESPT.[129] Moreover, the ANF characteristic
absorption peak at 335 nm is present in both the UV-vis spectra of fANFs and fANF/GOs.[4,68]
These UV-vis spectra thus confirm the combination of fANFs and fGOs, and the functionalization
of the hybrid fillers. Additionally, AFM scans using Park XE-70 shown in Figure 4.4 provide
further information on the morphology and dimensions of fANFs, fGOs, and fANF/GOs. The
diameters of fANFs are measured to range between 5 nm and 12 nm, which is consistent with
previously reported studies,[69,130] while the thickness of fGOs is measured to be 1.6 nm, which
is in good agreement with the results reported by Wu et al.[50] Furthermore, atomic force
microscopy (AFM) scans of FANF/GOs indicate that fANFs are located on the surface and edge
of fGOs, which confirms the interaction between them. Drawing from the FTIR, XRD, UV-vis,
and AFM results, FANF/GOs can be considered as a hybrid filler that combines fANFs and fGOs
through noncovalent interactions. The new hybrid filler can be useful for the reinforcement of the
rubber matrix by establishing covalent bonding between the matrix and fillers, in addition to the

noncovalent interfacial interactions between fANFs and fGOs.
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Figure 4.3. (a) XRD patterns of ANFs, fANFs, GOs, fGOs, and fANF/GOs and (b) UV-vis spectra
of fANFs, fGOs, and fANF/GOs.

Figure 4.4. AFM scans of (a) fANFs, (b) fGOs, and (c) fANF/GOs.

4.3 Preparation and characterization of fANF/GO reinforced rubber compounds

4.3.1 Preparation of fANF/GO reinforced rubber compounds

A Brabender Plasti-corder internal mixer was used to prepare the fANF/GO reinforced
rubber compounds according to the recipes presented in Table 4.1. The rubber compounding was

conducted at fill factors of 70% and temperatures ranging between 145 and 150 °C. In the first
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stage, SBR SOL-6270M (containing 37.5 parts of treated distillate aromatic extract oil, received
from KKPC) and butadiene rubber KBR 01 (received from KKPC) were added to the mixer and
blended for 1 min, before introducing carbon black (N339, provided by Birla Carbon), zinc oxide
(received from Akrochem), stearic acid (received from Akrochem), and naphthenic oil (received
from R.E. Carroll), followed by mixing for an additional 1 min. Then, fANF/GO was added to the
rubber compound and mixed for an additional 5 min. The evaporation of water in the fANF/GO
hybrid nanofiller was confirmed by the weight of the dumped mixture. In the second stage, sulfur
and n-cyclohexyl-2-benzothiazole sulfonamide (CBS, received from Akrochem) were added to the
original mixture and then mixed for 3 min prior to vulcanization using a hot press. The cure
characteristics of rubber compounds were obtained using a Monsato MDR 2000 at 160 °C for 40

min.

Table 4.1. Recipes of reference, fANF, fGO, and fANF/GO reinforced rubber compounds (unit:
phr, part per hundred parts of rubber).

Ingredients Reference 0.3 0.7 1 2 3
SOL-6270M 96.25 96.25 96.25 96.25 96.25 96.25
KBRO1 30 30 30 30 30 30
N339 50 49.7 49.3 49 48 47
A o or 0.3 0.7 1 2 3
Naphthenic oil 3.75 3.75 3.75 3.75 3.75 3.75
Zinc oxide 3 3 3 3 3 3
Stearic acid 1 1 1 1 1 1
Sulfur 15 15 15 15 1.5 1.5
CBS 2.2 2.2 2.2 2.2 2.2 2.2
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4.3.2 Characterization and testing of TANF/GO reinforced rubber compounds

The crosslink density was measured and calculated through the swelling method using
toluene according to the procedure described in chapter 2. Additionally, both tensile testing and
dynamic mechanical analysis were performed on the reference and functionalized fillers reinforced
compounds to investigate the effect of these fillers on their mechanical properties. Tensile testing
was performed using an Instron universal load frame (Model 5982) at room temperature, where
dumbbell-shaped specimens (ASTM D412 type C) were loaded at a 500 mm/min crosshead speed
until failure. Viscoelastic properties were also determined in tensile mode using a dynamic
mechanical analyzer (DMA TA Q800). Specimens with dimensions of 40.0 mm x 6.0 mm x 2.0
mm were mechanically loaded in air at 10 Hz, 0.5% strain, and a constant heating rate of 3 °C min-
1 and temperatures ranging between -60 °C and 60 °C. The abrasion resistance was evaluated using
a DIN abrasion tester (Aveno Technology) according to the DIN 53516 standard. Specimens with
dimensions of 16 mm in diameter and 8 mm in thickness were prepared and abraded on a cylinder-
type drum rotating at a speed of 40 rpm. The weight of the sample was measured before and after

the abrasion, and equation (4.1) was used to calculate the abrasion loss.

Ame x S
AA: t 0
dex S

(4.1)
where A, is the loss from the abrasion (mm?®), Am, is the loss in mass (mg), d: is the compound’s
density (g cm™), S is the abrasive grade (mg), and So is the nominal abrasive grade (200 mg). The

abraded surfaces of rubber compound samples were observed using a JEOL JSM-7800FLYV field-

emission scanning electron microscope (FE-SEM).
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4.3.3 Mechanical properties

The mechanical properties of fANF, fGO, and fANF/GO reinforced rubber compounds
were determined using tensile testing. Table 4.2 shows the average modulus at 100% and 300%
elongation, tensile strength, and elongation at break of the rubber compounds, while their
corresponding stress-strain curves are displayed in Figure 4.5. According to the tensile test results,
fANF, fGO, and fANF/GO are found to be a viable alternative to carbon black due to their
capability of improving the mechanical properties of rubber compounds. Despite all the prepared
compounds having the same filler loading of 50 phr, the average tensile strength and elongation at
break were found to be improved when incorporating fANF, fGO, and fANF/GO hybrid fillers.
Specifically, TGO reinforced samples were found to exhibit a maximum tensile strength and
elongation at break of 17.78 MPa and 648.9%, yielding 35.3% and 48.9% improvements compared
to the reference compound, respectively. However, the 100% and 300% moduli of fGO reinforced
rubber compounds were found to display a decreasing trend with increasing fGO content in
compounds. In contrast, the moduli of rubber compounds reinforced with 0.3 to 3 phr of fANFs
were found to be higher than those of the reference compound, yet their elongation at break was
measured to be decreased compared to fGO reinforced samples. Given the contrast in mechanical
performance, the overall tensile properties of fANF/GO hybrid filler reinforced rubber samples
were found to be approximately a combined average of those of fANF and fGO reinforced rubber
samples. When compared to reference compounds, the fANF/GO reinforced rubber compounds
displayed improved tensile strength, 100% and 300% moduli, and elongation at break, therefore
suggesting that a comprehensive reinforcement effect of FANF/GO in the rubber. According to the
tensile testing results, these new hybrid fillers outperform carbon black when it comes to

improving the mechanical properties of rubber compounds. These results can be explained by
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examining the unique characteristics of both fANFs and fGOs. As investigated in our previous
work, the large specific area and high aspect ratio of fANFs, along with their excellent strength
and stiffness derived from their aramid molecular structure, can significantly contribute to
reinforcing the rubber matrix.[130] Similarly, fGOs also have an extraordinarily high specific
surface area and mechanical properties, which are beneficial for their performance as nano-
reinforcement.[50,52,89] In addition to their physical characteristics, the strong interfacial
interactions between these nanofillers and the rubber matrix through covalent linkage afforded by
the silane coupling agent can also yield improvement in the overall mechanical properties, as
proven by previous works.[50,130] The enhancement of the interaction between the fillers and
rubber matrix can also be confirmed using crosslink density measurements in the rubber samples,
which are detailed in Table 4.2. As the concentration of fANFs, fGOs, and fANF/GOs in the rubber
compounds is increased, the calculated crosslink density is also observed to increase. The crosslink
densities of fGO reinforced rubber samples were found to be higher than those of the reference
samples, fANF and fANF/GO reinforced rubber samples, which is in agreement with the
previously discussed trend in tensile strength. This enhancement of crosslink density can be
attributed to the characteristics of the new fillers that can contribute to improving load and stress

transfer within the rubber matrix through the chemical covalent bonding.

78



18 18
@ | Ref ®  —Ref
]—1anFo3 ]——1c00.3
16 |——fanFo7 7 feo07
L ]——1aNF 44— TGO1
T 41 jaNF2 // s " fcoz
S 1——aNF3 S | fcos
2 g2 = 124
N ] L 4
<) s
c 10+ c 104
(3] [0]
= 1 = 1
[ 4] 8 w 8 -
o | 2 .
g & 2 s
(7] 3]
(s ] e ]
4 4
2 2
0 T T T T T T 0 T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Elongation (%) Elongation (%)
18
() ] Ref
16 J—ANF/GO0.3
|— fANF/GO0.7
— 14 | 1ANFiGOT
= |—— fANF/GO2
= —— fANF/GO3
< 124
;E 4
2 10
[<H]
g ]
w 8
o ]
B
& °7
& ]
4
2 .
0 T T T T T T
0 100 200 300 400 500 600
Elongation (%)
20 700
(d) (e)
18
600
16
_— )
& 14 & 500
= 3
£ 12 &5 400
g 10 ©
-— c
b, 5 300
o ®
2 5
5 6 5 200
= w
4
100
2

Vv
QPQQ Q‘{QQ
\‘tﬁ@‘@@é)o
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of samples.
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Table 4.2. Tensile test, and crosslink density measurement results of fANF, fGO, and fANF/GO

reinforced rubber samples.

100% 300% Tensile | Elongation | o . é:e ;"Ssliynb

Parameters Modulus Modulus Strength at Break Ratio, Q (10* mole
(MPa) (MPa) (MPa) (%) em?)
Reference 1.71+£0.01 | 7.61£0.09 | 13.14+1.42 | 4359+22.1 2.53 2.04
fANFO0.3 1.91+£0.06 | 838+0.42 | 13.95+0.07 | 424.2+16.1 2.47 2.15
fANF0.7 2.08+0.06 | 9.02+0.27 | 14.03+£0.47 | 408.5+2.5 2.40 2.30
fANF1 1.96+0.01 | 851+0.10 | 14.59+1.19 | 436.1+21.7 2.34 2.44
fANF2 2.01+£0.05 | 837+0.08 | 14.81+£0.13 | 449.1+4.7 2.35 2.40
fANF3 1.93+£0.01 | 825+0.02 | 15.59+0.44 | 468.3+9.1 2.25 2.64
£fG00.3 1.80+£0.05 | 7.82+0.20 | 13.98+0.18 | 447.3+11.5 2.16 2.87
£fGO0.7 1.53+£0.01 | 6.48+0.07 | 16.48+1.37 | 558.8+30.9 222 2.72
fGO1 1.57+£0.05 | 6.63+0.35 | 17.42+£0.29 | 574.8+£22.8 2.11 3.04
fGO2 1.57+£0.06 | 6.28+0.32 | 16.63+£0.27 | 593.3+294 2.15 2.93
fGO3 1.38+£0.03 | 5.51+£0.17 | 17.78+£0.22 | 648.9+8.7 2.02 3.32
fANF/GO0.3 | 1.88+0.04 | 8.39+0.09 | 14.93+0.70 | 444.9+15.0 2.41 2.28
fANF/GO0.7 | 2.06+0.01 | 829+0.06 | 1529+0.69 | 467.4+17.4 2.36 2.40
fANF/GOL1 2.00+£0.05 | 7.92+0.26 | 15.82+0.31 | 491.6+1.5 2.16 2.90
fANF/GO2 2.05+£0.05 | 7.68+0.13 | 1545+£0.99 | 505.4£19.5 2.15 2.93
fANF/GO3 1.69+0.03 | 6.93+£0.05 | 15.68+0.32 | 522.0+5.9 2.09 3.12

4.3.4 Abrasion resistance

In addition to the tensile properties, the abrasion resistance of fANF, fGO, and fANF/GO
reinforced rubber compounds was studied using abrasion resistance testing. The collected
measurements were converted to abrasion resistance indexes by determining the ratio of abrasion

loss of the reference compound to that of the nano-reinforced specimens. Figure 4.6 shows the test
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results of rubber compounds reinforced with 50 phr of total fillers, including 0.3 to 3 phr of new
fillers. When examining test results, it can be seen that the fANF, fGO, and fANF/GO reinforced
samples all showed improved abrasion resistance in comparison to that of the reference sample.
Upon adding 1 phr of new fillers, the average abrasion resistance of the fANF, fGO, and fANF/GO
reinforced samples displayed 11.0%, 14.2%, and 18.2% improvements, respectively. These test
results suggest that the new functionalized fillers can enhance the abrasion resistance of rubber
compounds, which is in agreement with the improved mechanical strength and toughness of these
compounds previously concluded from tensile testing and crosslink density measurements.
Moreover, the maximum abrasion resistance displayed by fANF/GO reinforced rubber compounds
highlights the synergetic effect of the fANFs and fGOs for the reinforcement of the rubber matrix.
This can be explained by the interaction between the fANFs and fGO, which reduces the stress
concentrations in the rubber matrix by transferring it from the fANFs to the surface of fGOs.[68]
Following abrasion resistance testing, the abraded surfaces of rubber compounds were examined
using SEM imaging in order to further understand the effect of new fillers on rubber abrasion, and
are shown in Figure 4.7. Post-abrasion, ridges were formed on the abraded rubber surfaces due to
the detachment of abraded particles. While the abraded surface of the reference sample shows a
rough texture, the abraded surfaces of fANF, TGO, and fANF/GO reinforced samples clearly
display a considerable decrease in roughness. A large amount of debris and higher ridges were
observed on the abraded surface of the reference compound, which corresponds to the high
abrasion volume.[90,131] However, relatively lower ridges were formed on the surface of
compounds reinforced with new fillers, showing low abrasion loss. Therefore, the observed

characteristics of the abraded surfaces correlate well with the abrasion resistance test results.
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Figure 4.6. Abrasion resistance indexes of rubber compounds reinforced with fANFs, fGOs, and
fANF/GOs.
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Figure 4.7. SEM images of abraded surfaces. (a) Reference compound sample, (b) fANF1 sample,
(c) fGO1 sample, and (d) fANF/GO1 sample.

4.3.5 Dynamic mechanical analysis

In addition to tensile and abrasion resistance testing, the viscoelastic performance of the
fANF/GO reinforced rubber compounds was examined by performing dynamic mechanical
analysis. The viscoelastic properties of rubber compounds are important because they can be used
to predict tire performance metrics such as wet traction and fuel efficiency.[107-109] Specifically,
the values of tan 6 at 0 °C and 60 °C are usually representative for the prediction of wet grip
performance and fuel-saving efficiency: the higher tan & value at 0 °C, the better wet grip

performance, while the lower tan & value at 60 °C, the lower rolling resistance which corresponds
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to better fuel-saving efficiency. The resulting tan & curves are presented in Figure 4.8, and the
values of tan 6 at 0 °C and 60 °C are shown in Table 4.3. The fANF reinforced samples displayed
increased fuel-saving efficiency and comparable wet grip performance to reference compounds,
which is in agreement with the trend shown in our previous work using the fANFs.[130] In contrast,
the improvement in fuel efficiency was not significant for fGO reinforced rubber compounds, and
wet grip performance remained comparable to reference compounds. However, the combination
of fANFs and fGOs was clearly found to reduce rolling resistance through the synergetic effect.
When rubber compounds were reinforced with fANF/GOs, the tire performance metric for the
fuel-saving efficiency predicted by the ratio of tan & values was found to improve by up to 21.8%
compared to reference compounds, outperforming the fANF reinforced samples. These results can
be explained by the covalent bonding between the rubber matrix and new fillers and the improved
interfacial interaction between the fANFs and fGOs. The rolling resistance of the carbon black
reinforced rubber is a result of the repetitive breakdown and reformation of the rubber-carbon
black and carbon black-carbon black interactions, which dissipate energy during
deformation.[110,111] The covalent bonding between the rubber matrix and the new fillers
minimizes energy dissipation by preventing the breakdown and reformation of rubber-filler
interaction.[130] In addition to the covalent bonding, the interfacial interaction between the fANFs
and fGOs can also contribute to the reduced energy dissipation, which subsequently leads to
improved fuel efficiency. Additionally, the glass transition temperature, T4, obtained from the
maximum peak value of tan § is also found to be increased when fANFs and fANF/GOs were
incorporated into the rubber compounds. It is known that the glass transition temperature of
composite materials is related to the flexibility of polymer chains in the composites. Therefore, the

Tg can be shifted to a higher temperature due to the restricted mobility of rubber molecules by the
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incorporation of fANFs and fANF/GOs into the rubber matrix.[132] Such results further confirm
the improved interfacial interaction and crosslink density between the rubber matrix and new fillers.
Deduced from the DMA and abrasion resistance test results, the “magic triangle” of tire
performance for the fANF, fGO, and fANF/GO reinforced rubber compounds can be seen in
Figure 4.9. The wet skid resistance and fuel-saving efficiency were predicted by the ratio of the
reference compound and fANF, fGO, and fANG/GO reinforced compounds’ tan 6 value at 0 °C
and 60 °C, respectively. Therefore, both fANFs and fGOs can yield improved fuel-saving
efficiency and abrasion resistance in rubber compounds while preserving wet skid resistance.
These improvements can be further amplified when using fANFs/GO nanofillers, as their
synergetic effect in tire rubber compounds can result in further improvements in abrasion

resistance and fuel-saving efficiency without compromising the wet grip performance.

Table 4.3. DMA results of fANF, fGO, and fANF/GO reinforced rubber samples.

Parameters tan o at 0 °C tan o at 60 °C

Reference 0.386 0.123
fANF0.3 0.383 0.115
fANF0.7 0.398 0.111
fANF1 0.382 0.106
fANF2 0.391 0.109
fANF3 0.391 0.108
£fGO0.3 0.391 0.120
£fGO0.7 0.379 0.122
fGO1 0.402 0.119
fGO2 0.393 0.114
fGO3 0.391 0.120
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fANF/GO0.3 0.405 0.106
fANF/GO0.7 0.391 0.106
fANF/GOL1 0.400 0.101
fANF/GO2 0.395 0.108
fANF/GO3 0.382 0.109

(a) b) ’ —Ref

tan &
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Figure 4.8. Tan 6 curves of (a) fANF0.3 to fANF3 samples, (b) fGO0.3 to f{GO3 samples, and (c)
fANF/GO0.3 to fANF/GO3 samples.
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Figure 4.9. The “magic triangle” of tire performance indexes for fANF, fGO, and fANF/GO
reinforced rubber compounds predicted by DMA and abrasion resistance results.

4.4 Chapter summary

In this chapter, ANFs and GOs were modified using TESPT and then combined to prepare
fANF/GO hybrid filler for the reinforcement of tire tread rubber compounds. The results of
characterization using FTIR, XRD, UV-vis, and AFM confirmed that the fANFs and fGOs are
combined through noncovalent interactions. Rubber compounds reinforced with fANFs, fGOs,
and TANF/GOs were prepared and tested to investigate and compare the effect of the new fillers
on the properties related to the tire tread performances. Tensile testing results showed that
fANF/GO reinforced rubber compounds exhibit improved average tensile strength and elongation
at break relative to fANF reinforced samples, while also displaying higher moduli relative to fGO
reinforced rubber compounds. The improvements of mechanical properties due to the new
functionalized fillers were also supported by crosslink density measurement results. Moreover, the
abrasion resistance of fANFs, fGOs, and fANF/GOs reinforced rubber compounds were found to

be increased, with fTANF/GO reinforced rubber samples displaying an 18.2% improvement in
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abrasion resistance upon adding 1 part of the fANF/GO hybrid filler. In addition to mechanical
properties, DMA testing results showed that the rolling resistance predicted by tan 6 at 60 °C was
improved in fANF, fGO, and fANF/GO reinforced rubber compounds while maintaining the wet
skid resistance. Most notably, 1 part of fANF/GOs reinforced rubber specimens showed 21.8%
improvement in rolling resistance. Therefore, this study demonstrates that the new fANF/GO
hybrid filler can increase mechanical properties and overall tire performance without resulting in

a performance trade-off.
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Chapter 5
Cellulose Nanocrystal Functionalized Aramid Nanofiber Reinforced Rubber

Compounds for Tire Tread Application
5.1 Chapter introduction

The focus of this chapter is the application of cellulose nanocrystal (CNC) functionalized
aramid nanofibers (ANFs) for the reinforcement of rubber compounds for tire tread. Various filler
materials have been used to reinforce rubber compounds for tire tread; however, it remains
challenging to improve overall tire performance without resulting in trade-offs. As previously
shown in chapter 4, functionalized hybrid fillers based on the ANFs exhibited synergetic effect on
the mechanical properties, abrasion resistance, and fuel efficiency of rubber compounds without
decreasing wet skid resistance. Nonetheless, interfacial interaction between the fillers remained
strictly limited to noncovalent interaction, which hinders their performance. In this work, CNCs
are modified using thionyl chloride, and then bonded to ANFs through chemical covalent
interactions to form novel hybrid fillers. The hybrid fillers are functionalized using a silane
coupling agent before incorporating them into rubber compounds, replacing from 0.3 to 3 parts of
carbon black. The functionalized ANF/CNC (fAC) reinforced rubber compounds are tested and
found to exhibit enhanced mechanical properties and crosslink density compared to reference
samples. Moreover, the abrasion resistance and fuel-saving efficiency of fAC reinforced
compounds are found to improve by 15.0% and 23.8%, respectively, without compromising wet

skid resistance performance. Therefore, this study demonstrates the effect of CNC functionalized
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ANF fillers on the mechanical properties and overall performance requirements of rubber

compounds for tire tread applications.

5.2 Preparation and characterization of fAC hybrid filler

5.2.1 Preparation of fAC hybrid filler

The method proposed by Yang et al. was used to prepare 0.2 wt % ANF/DMSO solution.[4]
Aramid fibers (KM2+, CS-800) and potassium hydroxide (KOH, Fisher Scientific) were dissolved
into dimethyl sulfoxide (DMSO, Fisher Scientific) and stirred for 7 days at 23 °C. CNCs (received
from CelluForce) were chlorinated using thionyl chloride before being reacted with ANF/DMSO
solution. CNCs (10 g) were added to 200 mL of N,N-dimethylformamide (DMF, Fisher Scientific),
and the suspension was then stirred and heated at 80 °C for 12 h. Thionyl chloride (35 mL, SOCIy)
was slowly added to the CNC/DMF suspension and constantly stirred for 12 h at 80 °C.
Subsequently, the chlorinated CNC (CNC-CI)/DMF suspension was added to the ANF/DMSO
solution, followed by stirring and heating overnight at 80 °C to prepare ANF/CNC-CI hybrid fillers.
The amount of the added CNC-CI/DMF suspension to the ANF/DMSO solution was controlled to
prepare an ANF/CNC-CI hybrid filler with three different weight ratios of 2to 1, 1 to 1, and 1 to
2. To functionalize the ANF/CNC-CI in the resulting suspension,
bis(triethoxysilylpropyl)tetrasulfide (TESPT, MilliporeSigma) was added to the suspension and
subsequently stirred overnight at 80 °C (Figure 5.1). The prepared fAC hybrid fillers were labeled
fA2C1, fA1C1, and fALC2, respectively, according to the ratio of ANF and CNC-CI. Additionally,
a CNC/DMSO suspension was also prepared and mixed with ANF/DMSO solution, followed by
TESPT functionalization to prepare ANF/CNC hybrid filler (AC, 1 to 1 weight ratio) without

covalent bonding between the two nanofillers.
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Deionized water was added to the fAC/DMSO solution to precipitate the fACs, followed
by the use of vacuum-assisted filtration to collect the nanofibers. The fACs were then washed
thoroughly with deionized water and acetone (MilliporeSigma). Horn sonication (Fisher Scientific
Model 500) was used to disperse the obtained fACs in deionized water, followed by a drying step
to yield fAC paste (90 wt % water content in the paste). TESPT-functionalized ANFs, CNCs, and
ANF/CNCs paste (labeled ANFs, CNCs, and ACs, respectively, in the following sections) were

also fabricated for the purpose of comparison.
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Figure 5.1. (a) The preparation of fAC hybrid filler, and (b) fAC reinforced rubber compound.
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5.2.2 Characterization of fAC hybrid filler

The novel hybrid fillers were characterized to investigate their role in reinforcing rubber
compounds. Firstly, attenuated total reflectance—Fourier transform infrared spectroscopy (ATR-
FTIR) was used to examine the chemical structure changes after the TESPT functionalization and
for a combination of ANFs and CNCs with or without covalent linkages. Figure 5.2 displays the
FTIR spectra of ANFs, CNCs, ACs, and fA1C1s before and after functionalization. According to
the spectra shown in Figure 5.2a, the surface modification of ANFs and CNCs using TESPT was
confirmed by the appearance of additional characteristic peaks at 1200, 1100, 1018, and 950 cm™,
assigned to Si-CH»-R, Si-O, Si-O-C, and Si-O stretching, respectively. Additionally, a peak
appearing at 2921 cm™ can be assigned to the C-H stretching vibration of methylene in the
chemical structure of TESPT. Thus, the chemical structure changes reveal the TESPT-
functionalization on the surface of ANFs and CNCs. Elsewhere, ANFs and CNCs were combined
after functionalization to prepare ACs, while chlorinated CNCs were reacted with ANFs and were
then functionalized using TESPT to fabricate fA1C1s. The AC hybrid fillers formed without
covalent bonding between ANFs and CNCs exhibit all the individual characteristic peaks of both
ANFs and CNCs. In addition to the characteristic peaks of both ANFs and CNCs, the FTIR spectra
of fA1C1s showed new characteristic peaks at 1720 and 3460 cm, which correspond to ester C=0
stretching vibration and a secondary amine. These new peaks from the hybrid fillers confirm the
covalent linkages between ANFs and CNCs. Therefore, the chemical structure changes
investigated using FTIR confirm the functionalization of nanofillers and the preparation of novel

hybrid fillers with chemical covalent bonding.
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Figure 5.2. FTIR spectra of (a) TESPT, ANF, ANF/TESPT, CNC, and CNC/TESPT, and (b)
ANF/TESPT, CNC/TESPT, AC/TESPT, and fA1C1/TESPT.

X-ray diffraction (XRD) analysis was also conducted to characterize the crystalline
structure of the new hybrid fillers. XRD patterns were obtained using an X-ray diffractometer

(Rigaku Ultima IV) in a 260 range of 5 to 40°. The obtained XRD patterns of ANFs, CNCs, ACs,
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and fA1Cl1s are shown in Figure 5.3. The diffraction peaks of ANFs were shown at 20.7° and
22.8°, corresponding to the [110] and [200] planes of Kevlar.[4,128] The XRD patterns of new
hybrid fillers, including ACs and fA1C1s, also showed characteristic peaks at the same position
as ANF due to the incorporation of ANFs in the fillers. CNCs displayed diffraction peaks at 14.6°,
16.6°, 22.8°, and 34.6°, which are attributed to the crystalline cellulose structure.[133,134] After
combining ANFs and CNCs, the ACs showed the characteristic peaks of CNCs; however, the
peaks were not present when the ANFs and CNCs were combined through covalent bonding. These
results suggest that the covalent linkages between the ANFs and CNCs attenuated the crystalline
structure of cellulose, leading to the disappearance of the peaks.[135] In addition to the XRD
results, atomic force microscopy (AFM) images were collected using Park XE-70. The AFM
images presented in Figure 5.4 show further information on the structure and morphology of ACs
and fA1C1s. The ANFs have diameters in the range of 4 to 11 nm, while the diameters of CNCs
range between 3 to 8 nm, which is similar to the data shown in previous studies. The AFM image
of fA1C1s in Figure 5.4d shows that all the CNCs are located on the middle or edge of the ANFs;
however, the CNCs and ANFs are observed separately and individually in the case of ACs shown
in Figure 5.4c. Therefore, the AFM scans of fA1C1s indicate the establishment of chemical
interaction between ANFs and CNCs. According to the FTIR, XRD, and AFM results, fACs are
prepared by combining ANFs and CNCs through chemical covalent bonding. Moreover, the new
hybrid materials can be a promising filler for reinforcing rubber compounds by establishing both
interfacial chemical interaction through functionalization using silane coupling agent and
improved mechanical interaction between the matrix and fillers due to the chemically attached

CNCs on ANFs.
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Figure 5.3. XRD plots of ANFs, CNCs, ACs, and fA1C1s.

Figure 5.4. AFM images of (a) ANFs, (b) CNCs, (c) ACs and (d) fA1Cls.
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5.3 Preparation and characterization of fAC reinforced rubber compounds

5.3.1 Preparation of fAC reinforced rubber compounds

An internal mixer (Plasti-corder, Brabender) was used to prepare the rubber compounds
following the recipes displayed in Table 5.1. The internal temperature was controlled to range
between 140 and 150 °C, and the compounding was performed with fill factors of 70%. In the first
stage, SOL-6270M and KBR 01 (supplied by KKPC) were mixed for 60 sec, followed by adding
and mixing of carbon black (N339 grade), zinc oxide, stearic, and processing oil (obtained from
Akrochem) for 60 sec. fAC paste was also added into the mixer and mixed for 300 sec. The weight
of the dumped compounds was obtained to confirm the evaporation of water in the fAC paste. In
the next stage, sulfur and n-cyclohexyl-2-benzothiazole sulfonamide (CBS) were introduced to the
compounds from the first stage and mixed for another 180 sec. Finally, rubber compounds were
vulcanized using a hot press to prepare specimens for tests. Uncured rubber compounds were tested

using MDR 2000 (MonTech) at 160 °C for 40 min to determine the vulcanization conditions.

Table 5.1. Compound recipes of reference, ANF, CNC, AC, fA2C1, fA1C1, and fA1C2 reinforced
samples (Unit: phr. Total oil content: 30 phr, including pre-mixed oil in SOL-6270M).

Items Reference 0.3 0.7 1 2 3
SOL-6270M 96.25 96.25 96.25 96.25 96.25 96.25
Rubber
KBRO1 30 30 30 30 30 30
N339 50 49.7 49.3 49 48 47
Filler
ANF, CNC,
AC or fAC - 0.3 0.7 1 2 3
Processing oil 3.75 3.75 3.75 3.75 3.75 3.75
Additive Zinc oxide 3 3 3 3 3 3
Stearic acid 1 1 1 1 1 1
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Curative Sulfur 15 15 15 1.5 1.5 1.5

Accelerator CBS 2.2 2.2 2.2 2.2 2.2 2.2

5.3.2 Characterization and testing of fAC reinforced rubber compounds

A toluene swelling technique shown in chapter 2 was used to calculate the crosslink
density of rubber. Tensile tests were conducted to investigate the role of fillers on the mechanical
properties of rubber compounds. Specimens (ASTM D412) were prepared and tested on a Model
5982 Instron universal testing machine at room temperature and a 50 cm/min crosshead speed.
Viscoelastic properties were also obtained using a dynamic mechanical analyzer (TA DMA Q800)
at 10 Hz, 0.5% strain, and a temperature range from -60 °C to 60 °C. To evaluate the abrasion
resistance of rubber samples, a DIN abrasion tester (Aveno Tech) was used. Specimens were
prepared according to DIN 53516, and the rotating speed of the drum was set at 40 rpm. The

abrasion loss data of each sample was obtained following the procedure described in chapter 2.

5.3.3 Mechanical properties

The mechanical properties of rubber compounds were investigated using tensile tests. The
average 100% and 300% modulus, tensile strength, and elongation at break of samples are
presented in Table 5.2, while the stress versus strain curves of ANF, CNC, AC, fA2C1, fA1Cl,
and fAL1C2 reinforced rubber compounds are presented in Figure 5.5. The test results revealed that
the overall mechanical properties, including modulus, tensile strength, and elongation at break,
improved when replacing carbon black with the same amount of novel nanofillers. According to
the test results, it was shown that ANFs could contribute to improving 100% and 300% modulus

and tensile strength of rubber compounds, while the effect of CNCs on those properties plateaued
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as the amount of CNCs was further increased. When using a combination of ANFs and CNCs that
lacks covalent bonding between them, the increment in tensile properties was determined to be
inferior to those of ANF reinforced samples. However, once the CNC functionalized ANFs were
incorporated into the rubber compounds, all the tensile properties were observed to improve with
increased concentration of hybrid fillers. Moreover, fA2C1, fA1C1, and fA1C2 reinforced rubber
compounds all displayed improved mechanical properties compared to the reference, ANF, CNC,
and AC reinforced rubber compounds. Most notably, 3 phr of fA1C2 reinforced compounds were
found to exhibit a maximum 300% modulus and tensile strength of 2.34 MPa and 16.58 MPa,
yielding 41.0% and 33.5% enhancements compared to the reference samples, respectively.
Drawing from the results, these novel fAC fillers outperform carbon black when it comes to
reinforcing rubber compounds under tensile loading conditions. These results can be attributed to
the individual characteristics of both ANFs and CNCs, along with the improved interaction
between the hybrid fillers and rubber molecules. As previously shown in our work, the outstanding
mechanical strength of ANFs, in addition to their high aspect ratio and large specific area, can
effectively contribute to enhancing the mechanical properties of rubber composites.[130]
Additionally, CNCs possess a high aspect ratio and large surface area, which are beneficial for a
nanofiller performance. In addition to their unique characteristics, CNCs are attached at the end or
middle of ANFs, which can improve the mechanical interlocking when blended into the rubber
matrix. Moreover, the functionalization of the novel nanofillers using a silane coupling agent
enhances interfacial interactions between the hybrid nanofillers and the rubber matrix, yielding
improvement in the overall mechanical properties. Furthermore, crosslink density measurement
results also confirm the enhanced interactions between the CNC functionalized ANFs and rubber

chains. The swelling ratio and calculated crosslink density are presented in Table 5.2, where it can
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be seen that as the amount of ANF, CNC, AC, fA2C1, fA1C1, and fA1C2 in the samples is
increased, the swelling ratio is decreased, while crosslink density is increased accordingly. It can
therefore be concluded that the crosslink densities of CNC functionalized ANF reinforced samples
were higher than those of the reference, ANF, CNC, and AC reinforced compounds, which is in
agreement with the tensile test results trend. These results demonstrate that the CNC
functionalization on the ANFs can improve stress and load transfer between the rubber matrix and
hybrid filler materials through a combination of mechanical interlocking and covalent bonding

between them.
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Figure 5.5. Stress versus strain curves of (a) ANF 0.3 to ANF 3 samples, (b) CNC 0.3 to CNC 3
samples, (c) AC 0.3 to AC 3 samples, (d) fA2C1 0.3 to fA2C1 3 samples, (e) fA1C1 0.3 to fA1C1
3 samples, (f) fA1C2 0.3 to fAL1C2 3 samples, and (g) 3 parts of nanofillers reinforced samples.

Table 5.2. Tensile test, and crosslink density measurement results of ANF, CNC, AC, fA2C1,
fAL1C1, and fA1C2 reinforced rubber samples.

100% 300% Tensile Elongation Swellin DCe ;(;Siillnllf

Parameters Modulus Modulus Strength at Break Ratio é (10* Xq’ole
(MPa) (MPa) (MPa) (%) ’ cm?)
Reference 1.66+0.04 | 7.33+0.20 | 12.42+1.20 | 424.2+22.1 2.53 2.04
ANF 0.3 1.92+0.04 | 841+0.09 | 13.61+0.28 | 412.4+423 2.47 2.15
ANF 0.7 1.95+0.10 | 8.46+0.45 | 14.13+0.24 | 426.7+14.9 2.40 2.30
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ANF 1 1.95+0.03 849+0.11 | 14.88+0.90 | 442.6+15.2 2.34 2.44
ANF 2 2.04+£0.03 | 837+0.09 | 14.76+0.06 | 450.1 £6.7 2.35 2.40
ANF 3 1.95+0.03 | 837+0.24 | 15.65+0.38 | 464.8+12.6 2.25 2.64
CNC 0.3 1.83+£0.04 | 7.89+0.13 | 13.95+0.20 | 443.1+£2.0 2.44 2.21
CNC 0.7 1.78£0.04 | 7.89+0.27 | 14.11+0.35 | 444.2+ 149 2.48 2.15
CNC 1 1.80+0.03 | 7.91+0.16 | 1431+0.16 | 451.3+423 2.38 2.35
CNC2 1.73+£0.03 | 742+0.12 | 14.27+0.92 | 463.8+20.9 2.35 2.42
CNC 3 1.63+0.04 | 6.79+0.21 | 14.70+0.55 | 504.9+5.0 2.39 2.33
ACO0.3 1.75+0.05 | 7.60+0.24 | 13.00+0.09 | 427.3+5.6 2.48 2.15
ACO0.7 1.83+0.09 | 7.85+0.38 | 12.81+£0.90 | 417.1+8.5 2.44 2.21
AC1 2.02+0.18 | 8.10+0.24 | 14.25+0.37 | 446.1+£43 2.36 2.40
AC2 2.01+£0.01 8.11+0.01 | 14.58+0.62 | 4553 +13.9 2.35 2.42
AC3 2.01+£0.05 | 7.76+0.21 | 14.16+0.81 | 464.4+21.8 2.35 242
fA2C1 0.3 1.80+£0.06 | 7.65+0.14 | 13.95+0.58 | 448.9+13.5 2.47 2.17
fA2C1 0.7 1.80+0.04 | 7.76+0.15 | 14.39+0.87 | 455.6+224 2.40 2.30
fA2C1 1 1.95+0.08 | 8.01+0.33 | 15.00+0.41 | 464.5+9.9 2.34 2.44
fA2C1 2 2.17+£0.05 | 833+0.19 | 15.67+0.68 | 477.7+23.0 2.30 2.52
fA2C13 2.29+0.14 | 8.19+0.12 | 15.59+0.76 | 487.3+13.5 2.26 2.61
fA1C1 0.3 1.79+£0.01 7.78£0.09 | 14.65+0.63 | 460.1 £10.5 2.38 2.35
fA1C1 0.7 1.83+0.06 | 8.01+0.18 | 15.16+0.76 | 463.2+11.2 2.34 2.44
fAIC1 1 1.91+0.06 | 8.10+0.14 | 15.70+0.57 | 473.8+9.0 2.31 2.49
fAI1C1 2 2.01+£0.11 8.11+0.08 | 15.83+0.52 | 483.3+17.5 2.23 2.69
fAIC1 3 2.12+£0.16 | 8.39+0.40 | 16.30+0.04 | 486.4+14.3 2.21 2.74
fA1C2 0.3 1.79+0.06 | 7.76+0.25 | 14.81+0.83 | 467.2+9.6 2.33 2.44
fA1C2 0.7 1.81+0.04 | 7.88+0.14 | 15.65+0.75 | 482.5+24.0 2.32 2.47
fAIC2 1 1.91+0.02 | 8.05+0.12 | 15.89+0.08 | 487.6+0.8 2.20 2.79
fA1C2 2 1.98+0.04 | 8.07+0.09 | 1595+0.11 | 489.6+2.8 2.17 2.87
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fAI1C2 3 2.34+0.01 8.72+£0.06 | 16.58+0.22 | 485.8+7.6 2.24 2.66

5.3.4 Abrasion resistance

In order to evaluate the abrasion resistance of rubber compounds reinforced with novel
hybrid fillers, abrasion resistance tests were performed to examine the samples. The abrasion loss
data of samples of various data sets were collected and used to calculate abrasion resistance
indexes by dividing the abrasion loss values of the reference sample with those of the novel filler-
reinforced ones. The resulting abrasion resistance indexes are presented in Figure 5.6. According
to the test results, ANF reinforced rubber compounds showed improved abrasion resistance in
agreement with our previous chapters, while the abrasion resistance of CNC or AC reinforced
rubber samples was comparable to or less than that of the reference compounds. This is likely due
to the relatively lower aspect ratio of CNCs compared to ANFs, along with their lower interfacial
interaction with the rubber matrix relative to carbon black. However, it can be seen that the fA2C1,
fAL1C1, and fA1C2 reinforced rubber compounds exhibited increased abrasion resistance of 11.0%,
12.1%, and 15.2%, respectively, by replacing 2 parts of carbon black with fAC fillers. The
improved abrasion resistance of hybrid filler reinforced rubber compounds is in accordance with
the mechanical testing results shown in the previous section as it correlates to the improved tensile
strength and toughness of the compounds. Additionally, these test results highlight the synergetic
effect of ANFs and CNCs when they are covalently linked to each other and crosslinked in the
rubber matrix. The CNCs adhered at the end of ANFs could improve the interaction between the
ANFs and rubber chains through increased mechanical interlocking in addition to chemical
interaction through the employed TESPT-functionalization, which contributes to the increased

abrasion resistance.
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Figure 5.6. Abrasion resistance indexes of ANFs, CNCs, ACs, fA2C1s, fA1C1s, and fA1C2s
reinforced samples at various weight fractions which is represented by the number following the
reinforcement type in phr.

5.3.5 Dynamic mechanical analysis

The dynamic mechanical properties of rubber compounds reinforced with novel hybrid
fillers were measured to predict tire performance metrics. Among the data from the dynamic
mechanical analysis, tan & value at 0 °C can be used to predict wet grip performance of tires, while
tan 6 value at 60 °C is representative for the prediction of fuel efficiency. A higher value of tan o
at 0 °C indicates improved traction on wet roads, while a lower value of tan 6 at 60 °C presents
improved fuel efficiency, which is attributed to reduced rolling resistance.[107-109] DMA test
results are displayed in Table 5.3, and the tan 6 curves are shown in Figure 5.7. As shown from
our previous chapters, fuel efficiency was found to be improved and wet grip performance was

largely maintained when ANFs were used to reinforce rubber compounds in this work.[73,130] As
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seen in Figure 5.7b and 5.7¢, both CNCs and ACs displayed a limited effect on reducing the rolling
resistance of rubber compounds when compared to ANFs, as they follow the same trend obtained
during mechanical tests, whereas their corresponding wet grip performance was comparable to
reference samples. In contrast, fAC reinforced rubber compounds showed improved fuel efficiency.
As compared to reference samples, the fuel efficiencies of fA2C1, fA1C1, and fA1C2 reinforced
samples predicted by the ratio of tan & value were determined to enhance by 19.0, 21.4, and 23.8%,
respectively, when replacing 2 parts of carbon black with fAC fillers. These results can be
attributed to the improved interfacial interaction between the rubber chains and novel hybrid fillers
through chemical covalent linkages and mechanical interaction. The major source for the rolling
resistance is energy dissipation during the deformation of tires resulting from the repetitive
breakdown and reformation of filler-filler and rubber-filler interaction.[110,111] The chemical
bonding between fACs and the rubber molecules can contribute to reducing energy loss at the
interphase through increasing rubber-filler interaction.[130] Additionally, the improved
mechanical interaction achieved by the CNC functionalization on ANFs can also minimize energy
dissipation, which results in improved fuel efficiency. Drawing from the abrasion resistance results
and viscoelastic properties, the effect of fACs on the tire performance metrics can be seen in Figure
5.8. Performance metrics such as fuel efficiency and wet skid resistance performance used in the
“magic triangle” were calculated using tan ¢ data at 60 °C, and 0 °C of reference and novel hybrid
filler reinforced samples, respectively. As seen from Figure 5.8, rubber compounds reinforced with
fAL1C2s exhibited further improvements in fuel efficiency and abrasion resistance compared to
ANF reinforced rubber compounds and reference compounds without deteriorating the wet grip

performance.
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Figure 5.7. Tan & versus temperature curves of (a) ANF 0.3 to ANF 3 samples, (b) CNC 0.3 to

CNC 3 samples, (c) AC 0.3 to AC 3 samples, (d) fA2C1 0.3 to fA2C1 3 samples, (e) fA1C1 0.3
to fA1C1 3 samples, and (f) fA1C2 0.3 to fA1C2 3 samples.
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Table 5.3. DMA results of rubber samples reinforced with ANF, CNC, AC, fA2C1, fA1C1, and
fAl1C2.

Items tan 6 at 0 °C | tan d at 60 °C Items tan 6 at 0 °C | tan  at 60 °C
Reference 0.393 0.125 Reference 0.393 0.125
ANF 0.3 0.383 0.115 fA2C1 0.3 0.394 0.114
ANF 0.7 0.398 0.111 fA2C1 0.7 0.395 0.115
ANF 1 0.382 0.106 fA2Cl1 1 0.399 0.111
ANF 2 0.391 0.109 fA2C12 0.383 0.105
ANF 3 0.391 0.108 fA2C13 0.390 0.108
CNC 0.3 0.378 0.118 fA1C1 0.3 0.396 0.113
CNC 0.7 0.388 0.116 fA1C1 0.7 0.391 0.111
CNC 1 0.385 0.115 fA1C1 1 0.396 0.106
CNC2 0.402 0.113 fA1C12 0.407 0.103
CNC3 0.392 0.112 fA1C13 0.386 0.107
ACO0.3 0.374 0.115 fA1C2 0.3 0.395 0.111
ACO0.7 0.385 0.115 fA1C2 0.7 0.392 0.107
AC 1 0.399 0.115 fA1C2 1 0.399 0.105
AC2 0.388 0.112 fA1C22 0.389 0.101
AC3 0.384 0.112 fA1C23 0.385 0.104
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Figure 5.8. The “magic triangle” of performance metrics for reference, ANF, and fA1C2 samples.

5.4 Chapter summary

This chapter has investigated the effect of CNC functionalized ANFs on the properties and
performance of rubber compounds for tire tread. CNCs were attached to the surface of ANFs
through covalent bonding, and the hybrid fillers were functionalized using TESPT before mixing
them as nanofillers in rubber compounds. Characterization techniques, including FTIR, XRD, and
AFM, revealed the combination of ANFs and CNCs and tests were performed to investigate the
role of novel hybrid fillers on the tire tread performance in addition to mechanical and viscoelastic
properties. Rubber samples reinforced with fACs were found to exhibit enhanced tensile strength,
100% and 300% modulus, and elongation at break when compared to the reference, ANF, and
CNC reinforced samples. Moreover, fA2C1, fA1C1, and fA1C2 reinforced rubber compounds
experienced 11.0%, 12.1%, and 15.2% improvement in abrasion resistance, respectively, when
they replaced only 2 parts of carbon black. Finally, DMA results showed that the rolling resistance

of rubber compounds was decreased by 23.8% when 2 parts of fA1C2 were incorporated into them,
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while the wet grip performance was maintained. Overall, the mechanical properties and tire
performance were maximized when a 1 to 2 weight ratio of ANFs and CNCs were combined and
used to prepare rubber compounds. Thus, this work demonstrates that the novel fAC hybrid fillers

can improve mechanical properties and the overall performance of tire tread rubber compounds.
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Chapter 6
High Strength and Toughness Epoxy Nanocomposites Reinforced by Cellulose

Nanocrystal Functionalized Aramid Nanofibers
6.1 Chapter introduction

The work described in this chapter further exploits cellulose nanocrystal (CNC) reinforced
aramid nanofiber (ANF) reinforced epoxy nanocomposites with high strength and toughness. The
mechanical properties of polymer nanocomposites have been improved by incorporating various
types of nanofillers. The hybridization of nanofillers through the covalent linkages between
nanofillers with different dimensions and morphology can further increase the properties of
nanocomposites. In this work, ANFs are functionalized using chlorinated CNCs and modified with
a glycidyl ether silane coupling agent to improve the chemical and mechanical interaction in an
epoxy matrix. Integration of the CNC functionalized ANFs (fACs) in the epoxy matrix
simultaneously improves Young’s modulus, tensile strength, fracture toughness, and dynamic
mechanical properties. The test results show that 1.5 wt % fAC reinforced epoxy nanocomposites
improve Young’s modulus and tensile strength by 15.1% and 10.1%, respectively, and fracture
toughness also improves by 2.5 times compared to the neat epoxy resin. Moreover, storage
modulus and glass transition temperature are observed to increase when fACs are incorporated.
Thus, this study demonstrates that the enhanced chemical and mechanical interaction by the CNC
functionalization on the ANFs can further improve the static and dynamic mechanical properties

of polymer nanocomposites.
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6.2 Preparation and characterization of fAC hybrid filler

6.2.1 Preparation of fAC hybrid filler

ANF/dimethyl sulfoxide (DMSO) solution (500 mL of 0.2 wt %) was prepared using the
Yang’s modified method.[136] KM2+ Kevlar fibers (1 g, CS-800), potassium hydroxide (KOH,
1.5 g, Fisher Scientific), and deionized (DI) water (20 ml) were added to DMSO (500 ml, Fisher
Scientific), and the solution was stirred for 4 h at 23 °C. CNCs (1 g, CelluForce) were dispersed
in N,N-dimethylformamide (DMF, 20 mL, Fisher Scientific), and the suspension was heated at
80 °C for 12 h to activate the CNCs. Thionyl chloride (3.5 mL, SOCI», MilliporeSigma) was added
dropwise into the suspension, and the suspension was stirred and heated at 80 °C for 24 h to form
a chlorinated CNC (CNC-CI) solution. Then, the CNC-CI solution and ANF/DMSO solution were
mixed and heated overnight at 80 °C overnight, followed by adding and mixing 10 wt % of 3-
glycidoxypropyltrimethoxysilane (GPTMS, MilliporeSigma) at 80 C for 24 h to prepare
functionalized ANF/CNCs (fACs) with covalent bonding between the nanomaterials (Figure 6.1a).
In addition to the preparation of fACs, CNCs were added to ANF/DMSO solution, followed by
GPTMS functionalization to fabricate ANF/CNCs without covalent bonding (ACs) for the purpose
of comparison with fACs.

DI water was used to precipitate the fACs from the solution, and a vacuum-assisted
filtration set was used to wash the nanofibers thoroughly with DI water and acetone
(MilliporeSigma). After the filtration, the fACs were dispersed in acetone using horn sonication
(Fisher, Model 500) before drying them to yield fAC paste with 50 wt % acetone content. GPTMS

modified ANFs, CNCs, and ACs were also prepared to fabricate epoxy nanocomposites.
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Figure 6.1. Schematic illustration of the reactions for (a) the preparation of fACs, and (b) the fAC
reinforced epoxy nanocomposites.

6.2.2 Characterization of fAC hybrid filler

The effect of CNC functionalized ANFs were investigated using several characterization
techniques. Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR,
Nicolet iS50 spectrometer) was performed to characterize the chemical structure alterations before
and after the GPTMS treatment and CNC functionalization on the ANFs. The FTIR spectra of
ANFs, CNCs, ACs, and fACs are displayed in Figure 6.2. After the surface modification using
GPTMS, new peaks are shown in the spectra of ANFs and CNCs in Figure 6.2a. The peaks at 2923,
1100, 1008, and 988 cm™ correspond to the C-H stretching vibration of methylene, Si-O, Si-O-C,
and Si-O stretching vibration from the silane coupling agent, respectively. Thus, the alterations of

FTIR spectra before and after the treatment show that ANFs and CNCs were functionalized using
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GPTMS. The chemical structure changes after functionalizing ANFs using CNCs and combining
ANFs and CNCs are shown in Figure 6.2b. Both AC and fAC displayed all the characteristic peaks
of both ANFs and CNCs, however, fAC showed two new characteristic peaks in the FTIR spectra.
The peaks at 1720 and 3460 cm™ are attributed to ester C=0 stretching and a secondary amine,
respectively, and they can be shown from the reaction between the functionalities of ANFs and
CNC-CI. The results confirm that ANFs and CNCs are linked through covalent bonding. Therefore,
the FTIR spectra of ANFs, CNCs, ACs, and fACs demonstrate the modification of nanofillers and

the successful preparation of fACs with chemical covalent linkages.
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Figure 6.2. FTIR spectra of (a) GPTMS, ANF, ANF-GPTMS, CNC, and CNC-GPTMS, and (b)
ANF-GPTMS, CNC-GPTMS, AC-GPTMS, and fAC-GPTMS.

To investigate the crystalline structure of fACs, X-ray diffraction (XRD) patterns were
obtained using a Rigaku Ultima IV X-ray diffractometer. Figure 6.3 displays the XRD patterns of
ANFs, CNCs, ACs, and fACs. As shown from the previous research, ANFs showed their
diffraction peaks at 20.6° and 22.9°, which are attributed to the (110) and (200) planes of aramid
fibers.[4,128] The characteristic peaks of ANFs were also shown from the XRD patterns of ACs
and fACs because ANFs were used to prepare both. The XRD patterns of CNCs showed peaks of
the crystalline cellulose structure at 14.6°, 16.7°, 22.8° and 34.7°[133,134] While these
diffraction peaks of CNCs appeared in the XRD pattern of ACs after the combination of ANFs
and CNCs, they were not shown in the XRD pattern of fACs, which were prepared through the
chemical covalent linkages. The disappearance of the peaks could be due to the attenuated

crystalline structure of CNCs following the reaction between ANFs and CNCs.[135] Additionally,
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atomic force microscopy (AFM, Park XE-70) was used to examine the changes in the morphology
and dimensions of ACs and fACs. Figure 6.4 displays the AFM images of ANFs, CNCs, ACs, and
fACs. The diameters of ANFs and CNCs are measured to be in the range of 4 to 12 nm and 3to 8
nm, respectively, which is in accordance with the results from previous research.[69,137] In the
image of ACs, CNCs are observed to be separated from ANFs. However, in the image of fACs,
CNCs are shown on the edge or middle of ANFs, and the shape of CNCs is likely changed due to
the chemical reaction between the ANFs and CNCs. Therefore, the AFM images show the absence
of chemical interaction between ANFs and CNCs in ACs, and the establishment of covalent
linkages in fACs. Drawing from the characterization results in this section, the preparation of fACs
with covalent bonding between ANFs and CNCs is confirmed. The new hybrid materials based on
ANFs and CNCs are expected to contribute to improved mechanical interlocking interaction
between the polymer and nanofillers due to the extensive branching and network structures of the
nanofillers, in addition to the enhanced chemical interaction due to the modification using a silane

coupling agent.
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Figure 6.3. XRD patterns of ANF, CNCs, ACs, and fACs.

Figure 6.4. AFM images of (a) ANFs, (b) CNCs, (c) ACs, and (d) fACs.
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6.3 Fabrication and characterization of fAC reinforced epoxy nanocomposites

6.3.1 Fabrication of fAC reinforced epoxy nanocomposites

The fAC reinforced epoxy nanocomposites were prepared by adding 0.2 wt % to 1.5 wt %
of fACs to the epoxy resin based on Epon 862 (diglycidyl ether of bisphenol-F epoxy, Hexion)
and Epikure W (diethyltoluenediamine, Hexion). The fAC paste was dispersed into the Epon 862
using horn sonication and centrifugal mixing (FlackTek Speed mixer) for 20 min. After the
dispersion, the mixture was dried under vacuum at 70 C for 24 h to remove acetone from the fAC
paste. Then, Epikure W (26.4 part per hundred resin) was added to the fAC mixture and mixed for
20 min, followed by degassing at 70 @ under vacuum prior to being cast into silicone molds. The
mixture was subsequently cured in a convection oven with a 30 min temperature ramp from 25 °C
to 121 °C followed by a 240 min isothermal hold at 121 °C. (Figure 6.1b). ANF, CNC, and AC

reinforced epoxy nanocomposites were also fabricated using the same process described above.

6.3.2 Tensile properties

Tensile tests were performed using an Instron universal testing machine (model 5982)
according to ASTM D638 to examine the effect of CNC functionalization on the ANFs for the
mechanical properties of epoxy composites. Type V specimens were prepared and tested at a
crosshead speed of 1 mm/min. The concentration of nanofillers in the samples was limited to 1.5
wt % due to the formation of micro voids in samples with a higher concentration of nanofillers
even after the degassing procedure. The surface modification using GPTMS increased the viscosity
of the epoxy resin mixture significantly during the mixing process.[116] The average Young’s

modulus and tensile strength of ANF, CNC, AC, and fAC reinforced epoxy nanocomposites are
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displayed in Figure 6.5, and Figure 6.6 shows representative stress-strain curves of epoxy samples
reinforced with 1.5 wt % nanofillers. As shown from our previous studies, ANFs and CNCs were
found to be beneficial for reinforcing epoxy nanocomposites due to their high aspect ratio and
surface area. The Young’s modulus and tensile strength of ANF reinforced epoxy samples
improved up to 7.5% and 9.1%, and those of CNC reinforced epoxy resin improved by 8.1% and
6.9%, respectively, compared to the neat epoxy samples. When ACs were incorporated into the
epoxy matrix, tensile properties were in the middle of ANF and CNC reinforced epoxy
nanocomposites. This means that there is no synergetic effect of ACs when they are simply
combined without covalent linkages. However, fAC reinforced samples outperformed other
samples in tensile properties. The Young’s modulus of fAC reinforced samples was observed to
increase up to 3.29 £ 0.06 GPa with 1.5 wt % fACs, showing a 15.7% improvement relative to the
reference sample. The samples reinforced with 1.5 wt % fAC also displayed the highest tensile
strength, 87.2 £ 1.5 MPa, which is 10.1% higher than that of the neat epoxy samples. Moreover,
the lowest tensile strength of fAC reinforced samples at 0.2 wt % was even higher than the highest
tensile strength of all the ANF, CNC, and AC reinforced epoxy samples. The average Young’s
modulus of 1.5 wt % fAC reinforced epoxy samples was found to be 7.6%, 6.0%, and 5.5% higher
than that of the 1.5 wt % ANF, CNC, and AC reinforced nanocomposites, respectively. These
results show the effect of CNC functionalization on the ANFs for the tensile properties of epoxy
nanocomposites in addition to the individual characteristics from both ANFs and CNCs. The ANFs
maintain the excellent mechanical properties of Kevlar after the dissolution, and their high aspect
ratio and large specific area are beneficial for the reinforcement of the epoxy matrix. CNCs also
have a high aspect ratio and large surface area with excellent mechanical properties. In addition to

the characteristics of the nanomaterials, CNCs functionalized at the middle or end of ANFs can
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improve the mechanical interlocking of nanofillers in the epoxy matrix through branched network
structures. Moreover, the surface modification of fACs using GPTMS improves the chemical
interaction between the epoxy matrix and fACs.[69] Therefore, the enhanced chemical and
mechanical interaction improved the stress transfer between the epoxy matrix and nanofillers,

yielding improvement in the overall mechanical properties of epoxy nanocomposites.[29,35,117]
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Figure 6.5. (a) Young’s modulus and (b) tensile strength of ANF, CNC, AC, and fAC reinforced
epoXy nanocomposites.
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Figure 6.6. Stress-strain curves of epoxy nanocomposites reinforced with 1.5 wt % nanofillers.

6.3.3 Fracture properties

Three-point bend specimens were prepared and tested to conduct fracture toughness tests
following ASTM D5045-99. After testing, the critical stress intensity factor (Kic) and fracture

toughness (Gic) were obtained using the following equations.

= Tmax £ (x) (6.1)

BW?2

1/2 [1.99-x(1- %)(2.15-3.93x+2.7x2)]
(142x)(1-x)3/2

f(x) = 6x , X =a/W (6.2)

KIC
Gie =

(1-v?) (6.3)
where, Pmax is the maximum load, B is the specimen thickness, W is the specimen width, a is the
crack length, E is the Young’s modulus of samples, and v is the Poisson’s ratio (assumed to be

0.353). The calculated Kic and Gic of ANF, CNC, AC, and fAC reinforced epoxy samples are

displayed in Figure 6.7. From the test results, both Kic and G of epoxy nanocomposites improved

119



as the weight fraction of the nanofillers in the samples increased. The improvement of Kic and Gic
of CNC reinforced samples compared to the neat epoxy resin was slightly better than that of ANF
reinforced samples, and both K. and Gic of AC reinforced samples were in the middle of ANF and
CNC reinforced samples. These results indicate that ANFs and CNCs can enhance the fracture
properties, but the non-covalent interaction between the ANFs and CNCs is not significant for the
further reinforcement of composites. However, the fracture properties of fAC reinforced epoxy
samples were higher than those of all the other samples. The test results show that the 1.5 wt %
fAC reinforced samples can improve Kic by 104.4% and Gic by 249.6% compared to the reference
samples. Both K. and Gic of epoxy composites reinforced with 1.5 wt % fACs were 11.5% and
17.5% higher than those of 1.5 wt % CNC reinforced epoxy composites, respectively. The
improved fracture properties can be attributed to the characteristics of CNC functionalized ANFs
and the chemical covalent interaction between the epoxy matrix and fACs.[69] The sliding of large
network structured fACs in the epoxy matrix can contribute to the energy dissipation at the
interphase region and impede crack propagation in the nanocomposites. The fACs with a high
aspect ratio and CNC functionalization on the surface, which provides mechanical interlocking in
the matrix, can also contribute to crack bridging during crack propagation. Moreover, chemical
covalent interaction between the epoxy matrix and fACs through surface modification using a
silane coupling agent can enhance crack bridging in epoxy nanocomposites. Drawing from the test
results, CNC functionalization on the ANFs is found to be beneficial for enhancing both the tensile

strength and fracture resistance simultaneously.
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Figure 6.7. (a) Critical stress intensity factor, Ki, and (b) fracture toughness, Gic, of ANF, CNC,
AC, and fAC reinforced epoxy nanocomposites.
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6.3.4 Dynamic mechanical analysis

Dynamic mechanical analyzer (TA DMA 800) was used to investigate the dynamic
mechanical properties of the epoxy nanocomposites over a broad temperature range. Specimens
were tested at 1 Hz with a constant heating rate of 3 °C/min in a temperature range of 25 to 200 °C.
Representative storage modulus and tan & curves versus temperature are displayed in Figure 6.8,
and storage modulus at 40 °C and 160 °C, and glass transition temperature (Tg) of epoxy
nanocomposites are summarized in Table 6.1. The value of T4 was obtained from the maximum
tan & peak value of each sample. As the temperature increased during the test, the storage modulus
decreased for all the samples and showed a relaxation above 128 °C, corresponding to the glass
transition of polymeric materials. The ANF, CNC, AC, and fAC reinforced epoxy nanocomposites
exhibited improved storage modulus at 40 °C and 160 °C. The storage modulus below and above
Tg increased as the nanofiller weight fraction increased, although a slight decrease was observed
for some samples which is likely due to nonuniform dispersion. The 1.0 wt % fAC reinforced
epoxy nanocomposites exhibited a maximum of 25.1% and 68.0% increase in storage modulus at
40 °C and 160 °C, respectively, compared to the reference sample. The results show that fAC can
improve the storage modulus of epoxy samples both in a glassy state and rubbery state. This could
be due to the enhanced chemical and mechanical interaction between the epoxy matrix and fACs
through the CNC functionalization on the ANFs and surface modification using GPTMS. The
chain mobility of the epoxy matrix can be restricted by the incorporation of fACs and covalent
linkages between them.[27,117,118] Moreover, the high thermal stability and T4 of aramid
polymer chains can contribute to the dynamic mechanical properties over the broad temperature

range, as shown from the results. However, the contribution of ACs for improving the storage

122



modulus was less than that of fACs due to the relatively weak interfacial interaction between the
polymer chains and ACs.

The glass transition behavior of epoxy nanocomposites was observed using the T4 values
obtained from the maxima of the tan & peaks. As displayed in Table 6.1, the T4 value of ANF and
fAC reinforced epoxy nanocomposites shifted to a higher temperature compared to the neat
samples, while the improvement of Ty value was not significant for the AC reinforced
nanocomposites. The Ty of nanocomposites shifted 6.7 °C higher when 1.0 wt % of fACs was
incorporated into the epoxy resin. The Tg is known to represent the chain mobility of the polymer
matrix in polymer nanocomposites and shifts to a higher temperature when the chain mobility is
hindered. The factors affecting the glass transition behavior include the morphology of nanosized
fillers, chemical structure and flexibility of the polymer matrix.[119,125] The fACs with attached
CNCs on the middle or edge of ANFs can restrict the movement of the epoxy matrix by mechanical
interlocking between them. Additionally, covalent bonding formed between the fACs and epoxy
chains can hinder the mobility of the crosslinked epoxy network, resulting in an increase of Ty.
The restriction of mobility of a polymer matrix by modified nanofillers has also been reported by
previous research.[27,35] In addition to the shifted T4 value, tan & peak value also indicates the
mobility of polymer chains and interfacial energy dissipation of polymer nanocomposites. The tan
d peak value decreased when nanofillers were incorporated into the epoxy nanocomposites, and
the fAC reinforced samples exhibited the lowest tan 6 peak value. The results can be explained by
the limitation of polymer chain movement and reduced energy dissipation by the incorporated
fACs.[38,121] Therefore, the dynamic mechanical analysis of epoxy composites confirms the
improved chemical and mechanical interaction between the epoxy matrix and CNC functionalized

ANFs.
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Figure 6.8. (a) Storage modulus and (b) tan & graph of epoxy nanocomposite reinforced with 1.0

wt % nanofillers from 40 to 180 °C.

Table 6.1. Summary of storage modulus and T4 of ANF, CNC, AC, fAC reinforced epoxy

nanocomposites.

Sample E’ at 40 °C (GPa) E’ at 160 °C (MPa) Tg (°C)
Epoxy resin 2.11 12.8 129.8
ANFO0.5 2.52 18.7 130.4
ANF1.0 2.67 21.1 133.6
ANF1.5 2.54 214 131.1
CNCO0.5 2.28 14.2 129.4
CNCI1.0 2.51 16.5 133.3
CNCl1.5 2.57 14.9 129.4
ACO0.5 2.40 16.4 130.4
ACI1.0 2.45 19.0 129.3
ACL.5 2.43 19.3 128.6
fACO0.5 2.57 16.0 131.2
fACI1.0 2.64 21.5 136.5
fACl1.5 2.60 23.0 134.0
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6.4 Chapter summary

In this chapter, fACs were prepared by a reaction between ANFs and chlorinated CNCs,
following modification using a silane coupling agent with epoxy group. Then, the fACs were used
to prepare epoxy nanocomposites, and the resulting nanocomposites were tested to investigate the
effect of CNC functionalization on the ANFs. The characterization techniques, including FTIR,
XRD, and AFM, revealed that CNCs were functionalized on the surface of the ANFs through
covalent bonding. From the static and dynamic mechanical test results, it was shown that the fACs
could improve the overall mechanical properties of epoxy nanocomposites, and the improvement
was greater than that of epoxy samples reinforced with ANF, CNC, or AC filler without covalent
bonding between them. The tensile test results showed that Young’s modulus and tensile strength
of 1.5 wt % fAC reinforced epoxy nanocomposites were improved by 15.1% and 10.1%,
respectively, compared to the neat epoxy resin. The improvements were 7.6% and 1.9% higher
than those of ANF reinforced epoxy samples with the same amount of nanofillers. Fracture
toughness was also improved by up to 249.6% when 1.5 wt % of fACs were used. Moreover, the
storage modulus of fAC reinforced samples at 40 °C and 160 °C was improved by 25.1% and
68.0%, respectively, compared to the neat epoxy samples, and T4 also shifted to a higher
temperature. Therefore, improved chemical and mechanical interaction through CNC
functionalization on the ANFs exhibited further enhancement in tensile properties, fracture

toughness, and dynamic mechanical properties of polymer nanocomposites.
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Chapter 7

Conclusion

This work investigated the effect of functionalized ANFs on the properties and
performance of rubber nanocomposites for tire tread and epoxy nanocomposites. Compared to
traditional composites, polymer nanocomposites can provide superior mechanical strength,
toughness, thermal properties, and dynamic mechanical properties with a relatively low weight
fraction of nano-sized fillers. Because of these advantages, the applications of polymer
nanocomposites are continuously growing. The properties and performance of polymer
nanocomposites depend on the type of nanofillers. Among various types of nanofillers, ANFs were
chosen to reinforce rubber and epoxy matrices due to their high aspect ratio, large surface area,
and excellent mechanical properties, in addition to the rich functionalities that can be used for
surface modification. Researchers have used the ANFs to reinforce polar polymer matrices because
of the polar chemical nature of the ANFs. However, the surface functionalization of ANFs using
silane coupling agents can improve the interfacial interaction between polymer matrices and ANFs
and widen the range of applications to non-polar polymer matrices, such as diene rubbers. In this
work, functionalized ANFs using a silane coupling agent with polysulfide were used to reinforce
rubber compounds for tire tread. Test results showed that tensile properties and tire performances,
including abrasion resistance and fuel efficiency, improved due to the enhanced dispersion in the
rubber matrix and interfacial interaction between the matrix and ANFs through covalent bonding.

The enhanced fuel efficiency of ANF reinforced rubber compounds can be attributed to the reduced
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energy dissipation during the deformation of rubber samples due to the covalent linkages between
rubber molecules and ANFs. The advantages of functionalized ANFs were also shown from the
study regarding the epoxy nanocomposites reinforced with EANFs. EANF reinforced epoxy
nanocomposites exhibited improved tensile strength, elastic modulus, fracture toughness, and
dynamic mechanical properties compared to the untreated ANF reinforced epoxy nanocomposites.
These results correspond to the enhanced load and stress transfer from the epoxy matrix to ANFs
through improved chemical interfacial interactions between them. In addition to the silane
coupling agent treatment, ANFs were hybridized with other strong nanomaterials such as GOs and
CNCs. A synergetic effect of ANF/GO hybrid fillers was observed from the study regarding
ANF/GO reinforced rubber compounds. The mechanical properties and tire performances,
including abrasion resistance and fuel efficiency, improved without any trade-offs when ANF/GO
hybrid fillers were used to reinforce rubber compounds compared to the reference rubber
compounds. The improvements were greater than those of ANF or GO alone reinforced rubber
compounds due to the additional stress transfer between the ANFs and GOs in addition to the
chemical interfacial interaction between the rubber matrix and hybrid fillers. Moreover, CNC
functionalized ANFs were prepared by the reaction between chlorinated CNCs and ANFs, and
were used to reinforce both rubber compounds for tire tread and epoxy resin. ANF/CNC hybrid
fillers without covalent linkages were also prepared for comparison. Test results showed that
mechanical properties, abrasion resistance, and fuel efficiency improved when CNC
functionalized ANFs were used to reinforce rubber compounds. Additionally, epoxy
nanocomposites reinforced with CNC functionalized ANFs also exhibited enhanced tensile
strength, Young’s modulus, fracture toughness, and dynamic mechanical properties through

improved chemical and mechanical interaction due to the attached CNCs on the middle or edge of
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ANFs. Thus, the silane coupling agent treatment and hybridization of ANFs result in improved
properties and performance of tire tread rubber compounds and epoxy nanocomposites through

the enhanced chemical and mechanical interactions between their matrices and nanofillers.

7.1 Contributions

This dissertation investigated the mechanical properties and performances of novel
nanofiller reinforced polymer nanocomposites and developed several novel functionalization
methods of ANFs for various polymer matrices. This work has provided solutions to improve the
interfacial interaction between polymer matrices and nanofillers in nanocomposites.

The main contributions of this work center around the development of novel silane
coupling agent functionalization and hybridization of ANFs for the reinforcement of rubber
compounds. Furthermore, the methods used throughout this dissertation overcome current barriers
restricting the use of ANF due to their polar chemical nature and allow for the reinforcement of
non-polar diene rubber matrices. These methods have contributed significantly to simultaneously
enhancing important tire performance metrics, such as wet grip performance, fuel efficiency, and
wear resistance, without decreasing any of them. Increasing the loading of conventional fillers
such as carbon black used for tire tread rubber compounds can typically improve one aspect of the
performance, but usually deteriorates fuel efficiency due to the increased energy dissipation
between the fillers and rubber matrix. However, functionalized ANFs can improve all performance
metrics simultaneously because of the reduced energy dissipation through the covalent linkages
between the matrix and ANFs, and the unique characteristics of ANFs such as large surface area,
high aspect ratio, and outstanding mechanical strength. Moreover, hybridization of ANFs using

GOs or CNCs contributed to enhanced chemical and mechanical interactions in the rubber

128



compounds reinforced with the hybrid fillers. Therefore, the rubber nanocomposites reinforced
with functionalized ANFs are expected to contribute to the overall performance of tires, including
fuel efficiency and abrasion resistance which can help save cost and reduce impact on the
environment.

Another contribution of this work is the development of epoxy nanocomposites reinforced
with EANFs and CNC functionalized ANFs. The newly developed functionalization methods have
led to significant contributions to improving tensile properties, fracture properties, and dynamic
mechanical properties of epoxy nanocomposites. By studying the chemical interfacial interactions
between the epoxy matrix and novel nanofillers based on ANFs, highly crosslinked epoxy
nanocomposite networks are formed through a simple curing process. The introduced epoxy
functionalized silane coupling agent and CNCs on ANFs establishes a strong network in the
nanocomposites, as reflected through the enhanced tensile and fracture properties. The
functionalized ANF reinforced epoxy nanocomposites are demonstrated to exhibit improved
tensile and fracture properties at the same time, which are mutually exclusive properties of
nanocomposites. The results show the potential of functionalized ANFs as novel reinforcement
fillers for polymer nanocomposites. Thus, the functionalized ANF reinforced thermosetting
polymers are expected to have a great impact in the field of structural polymeric materials with

improved static and dynamic mechanical properties even in high temperatures.

7.2 Recommendations for future work

This dissertation performed extensive research on improving the properties and
performance of thermosetting polymers and rubber compounds using functionalized ANFs. The

results demonstrated that various chemicals and nanomaterials could be introduced to the surface
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of ANFs through the rich functionalities on the ANFs, and the properties and performance of
polymer nanocomposites can be enhanced when the functionalized ANFs are incorporated as
reinforcing fillers. Although several methods and techniques for the functionalization of ANFs
were provided in this dissertation, additional studies can be conducted as future work to expand
the potential of the presented work.

In this work, the effect of functionalized ANFs on tire performance was investigated using
carbon black-filled rubber compounds. Various types of recipes can be tested, such as silica-filled
rubber compounds, to broaden the applications further. The effect of ANFs can be studied by
varying the amount and type of main fillers in rubber compounds. In addition, natural rubber can
be used as a matrix instead of styrene-butadiene rubber and butadiene rubber to apply the usage of
functionalized ANFs from passenger car tires to commercial vehicle tires. The different chemical
structures and nature of polymer matrices and fillers can affect the interaction with functionalized
ANFs. Therefore, investigating the effect of different compound recipes will be an interesting topic.

In addition, one of the last aspects of this dissertation was the development of CNC
functionalized ANFs for the reinforcement of polymer nanocomposites. While the CNCs were
used to provide additional mechanical interaction in the nanocomposites, their morphological
changes were not fully understood. When CNCs were functionalized on the surface of ANFs, the
CNCs appeared to change their shape quite significantly. A further study that addresses the
changes can clarify their integration on the surface of ANFs and maximize the performance of
functionalized ANFs in the polymer nanocomposites.

Finally, additive manufacturing methods can be applied to prepare functionalized ANF
reinforced thermosetting polymers and rubber compounds. The 3D printing technique is very

promising in the fabrication of composite materials because the technique enables a customized
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design according to customers' needs. The conventional methods to prepare samples or products
require a pre-designed mold which is not flexible for changing the shape or functionality of
products. However, curing processes have inhibited the application of additive manufacturing
methods in the field of rubber nanocomposites. Therefore, further study in the development of
rubber 3D printing techniques should focus on utilizing the customized design and novel curing

processes for rubber nanocomposites.
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