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ABSTRACT

PREPARATION AND INCORPORATION OF MULTI-FUNCTIONAL CARBON
NANO MATERIALS INTO FIBER REINFORCED POLYMERIC COMPOSITES

NECDET OZCELIK

Materials Science and Nano Engineering M.Sc. Thesis, July 2021

Thesis Supervisor: Assist. Prof. Serkan Unal

Keywords: Carbon Nanotubes, Glass Fiber Reinforced Polymeric Composites, Vacuum
Infusion Process, Fiber-Matrix Interface, Ultrasonic Spray Deposition

It is well established that the use of nanomaterials as one of the components of fiber reinforced
polymeric composite (FRPC) materials can significantly improve their mechanical, thermal,
and electrical properties. The type of such nano-scale reinforcements and the processes for their
incorporation into FRPCs are expected to be both cost effective and industrially feasible to
enable their applications in various sectors, such as aerospace, aviation, military, and
automotive, where high-performance materials are demanded. An effective incorporation and
uniform distribution of nanomaterials at the interface between the polymer matrix and the fiber,
which is one of the most complex regions in an FRPC structure, might enable a more efficient
load transfer from the matrix to the fiber. However, to achieve significant improvements
systematically, key problems associated with carbon nanomaterials such as undesired

agglomeration, dispersion difficulties, and inability to provide functionality on the surface need



to be addressed properly. In this study a novel multi-functional silane coupling agent (SEPPS)
was designed and synthesized for the incorporation of single-walled carbon nanotubes
(SWCNT) into FRPCs from an aqueous medium. The novel SEPPS molecule enabled not only
the dispersion of SWCNTSs in the aqueous medium for their introduction onto carbon fiber
surfaces by spray deposition, but also reactions with epoxy resin components and fiber surfaces
during the FPRC fabrication. For this purpose, the prepared SWCNT dispersions in the presence
of SEPPS were introduced into the polymer-fiber interface by spray deposition onto the glass
fiber fabric surfaces, which were characterized using scanning electron microscopy (SEM).
Next, FRPC samples were manufactured by the vacuum infusion process from these glass
fibers, and the effect of the presence of SEPPS and the content of SWCNTSs at the polymer-
fiber interface was investigated on the key mechanical properties resulting composite materials.



OZET

COK FONKSIYONLU KARBON NANO MALZEMELERIN HAZIRLANMASI VE
ELYAF TAKVIYELI POLIMERIK KOMPOZITLERE KATILMASI

NECDET OZCELIK

Malzeme Bilimi ve Nano Miihendisligi, Yiiksek Lisans Tezi, Temmuz 2021

Tez Danismani: Assist. Prof. Serkan Unal

Keywords: Karbon Nanotiip, Cam Elyaf Takviyeli Polimerik Kompozitler, Vakum Infiizyon,
Fiber Recine Ara Yz, Ultrasonik Sprey Yontemi

Elyaf takviyeli polimerik kompozit (FRPC) malzemelerin bilesenlerinden biri olarak
nanomalzemelerin kullaniminin mekanik, termal ve elektriksel Ozelliklerini 6nemli Gl¢iide
tyilestirebilecegi iyi bilinmektedir. Bu tiir nano 6lgekli takviyelerin tiiri ve bunlarin FRPC'lere
dahil edilme siireclerinin, yliksek performansli malzemelerin kullanildigi havacilik, havacilik,
askeri ve otomotiv gibi cesitli sektorlerde uygulamalarini saglamak i¢in hem uygun maliyetli
hem de endiistriyel olarak uygulanabilir olmas1 gerekmektedir. Bir FRPC yapisindaki en hassas
bolgelerden biri olan polimer matris ve fiber arasindaki arayilize nanomalzemelerin etkin bir
sekilde dahil edilmesi ve diizgiin bir sekilde dagitilmasi, matristen fibere daha verimli bir yiik
aktarimi saglayabilir. Bununla birlikte, sistematik olarak 6nemli iyilestirmeler elde etmek igin,
istenmeyen aglomerasyon, dagilma zorluklar1 ve yiizeyde fonksiyonelite saglayamama gibi
karbon nanomalzemelerle ilgili temel sorunlarin uygun sekilde ele alinmasi gerekir. Bu

calismada, sulu bir ortamdan tek duvarli karbon nanotiiplerin (SWCNT) FRPC'lere dahil



edilmesi icin yeni ve ¢ok fonksiyoneliteli bir silan birlestirme ajan1 (SEPPS) tasarlanmis ve
sentezlenmistir. Yeni SEPPS molekiilii, yalnizca SWCNT'lerin spreyleme yoluyla fiber
yiizeylere uygulanmalari i¢in sulu bir ortamda dagilmasini degil, ayn1 zamanda FPRC iiretimi
sirasinda epoksi regine bilesenleri ve fiber ylizeyleri ile reaksiyonlarin1 da miimkiin kildi. Bu
amacla, SEPPS varliginda hazirlanan SWCNT dispersiyonlari, cam elyaf kumas yiizeyleri
uzerine spreyleme yoluyla polimer-elyaf ara yiiziine dahil edildi ve taramali elektron
mikroskobu (SEM) kullanilarak karakterize edildi. Daha sonra, bu cam elyaflardan vakum
infiizyon islemi ile FRPC numuneleri iiretildi ve SEPPS'min varliginin ve SWCNT'lerin
polimer-elyaf arayliziindeki igeriginin, kompozit malzemelerden elde edilen temel mekanik

ozellikler tizerindeki etkisi arastirildi.
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CHAPTER 1

1. INTRODUCTION
1.1. Motivation

Due to their superior mechanical, thermal, structural, and corrosion resistance combined with
their low density, fiber reinforced polymeric composite materials (FRPC) are high performance,
load bearing structures. They have been garnering considerable interest in a variety of
industries, including aerospace, transportation, marine, and wind energy [1]. FRPCs have been
utilized as structural engineering materials and are usually composed of a polymer matrix and
reinforcing elements such as carbon or glass microfibers, as well as metallic or organic
fillers[2]. Recently, industrial requirements, particularly in the aircraft industry, have evolved
towards significantly stronger, durable, and lighter-weight polymeric composites; as a result,
mechanical properties of composite structures reinforced in the microscale are needed to be
further enhanced, possibly through the incorporation of nanoscale reinforcement agents. While
the main reinforcements are microscale glass or carbon fiber fillers in FRPCs, secondary
reinforcements might be used in the form of carbon nanostructures such as carbon nanotubes
(CNTSs) or graphene. It is important to note that as high as 30 to 60% of fiber reinforcing
materials are used in traditional microscale composites, whereas only a small content of the
nano-scale reinforcement may be required to achieve significant improvements in mechanical,
thermal, and electrical properties, resulting in the development of multifunctional composite
materials [2]. In terms of their industrial feasibility, FRPCs reinforced with nanostructures are
expected to be financially sustainable and readily producable by existing or new manufacturing

techniques.

With these considerations in mind, our study has focused on the incorporation of carbon
nanomaterials into FRPCs in a manner that can be scaled up to commercial applications and
provide a fresh viewpoint on the structure-property-process relationships in these materials.
Numerous methods have been reported for the incorporating nanostructures into neat polymers
or polymeric composites in the literature. The most noteworthy examples include the
incorporation of nanomaterials via resin infusion, growth on carbon fiber surfaces by CVD,
electrophoretic deposition, and interlayer placement. However, critical issues might arise in the
aforementioned approaches during the incorporation of nanomaterials into FRPCs in large

scales. These inevitable fundamental problems of the research, such as dispersion, alignment,



and compatibility with the polymer matrix, remain unresolved. In this study, ultrasonic spray
deposition was selected as a comprehensive technique for the individual and uniform
incorporation of carbon nanomaterials in the presence of a chemically functional dispersing

agent into FRPCs produced by the vacuum infusion method.

Since Ajayan's first research in 1994 [3], the fabrication of CNT reinforced polymeric
composites quickly became one of the most exciting research topics. Although extensive
research studies have been published comprising CNTs, relatively only a few higher TRL
examples and businesses exist on the successful industrial applications of CNTs. Additionally,
chemically modified CNTs have been extensively studied to substantially enhance the
mechanical characteristics of nanocomposites by creating reactive sites with the polymer matrix
[4]. This is referred to as chemical functionalization. Additionally, the interfacial properties of
FRPCs improved with nanomaterials have been addressed between the nanotube and the
polymer matrix, nanotube and reinforcing fibers, and polymer matrix and reinforcing fibers, to
enable an effective load transfer through these interfaces. Thus, it is hypothesized that the
functionalization of CNTs placed at the polymer matrix-fiber interface might flawlessly
improve the interfacial characteristics of FRPCs [5]. Additionally, the dispersion quality of
CNTs might be improved by chemically altering the nanotube surface structure or the
dispersion formulation to create strong interactions with the dispersion medium [6].

1.2. Objectives

This thesis introduces the synthesis and characterisation of a novel silane compound (SEPPS)
capable of forming a strong chemical bond with the polymer matrix, reinforcement fibers and
CNT surfaces while also improving the dispersibility of CNTSs in the aqueous medium. Thus, a
detailed investigation of the effect of the nano-reinforcement at the interface, introduced by the
ultrasonic spray deposition of CNTs in the presence of SEPPS onto fiber surfaces, on the
mechanical properties of FRPCs was carried out. The newly developed, novel silane coupling
agent, SEPPS, enabled the preparation of multi-functional nanomaterial dispersions that can
readily be used in large scale productions of FRPCs and their commercial applications. For this
purpose, ultrasonic spraying technique was utilized to introduce CNTSs in the presence of SEPPS
multi-functional materials from an aqueous medium onto fabric surfaces followed by vacuum

infusion process for the production of FRPC panels.



1.3. Outline

Chapter 2 provides background information and provides an in-depth examination of the use of
carbon nanomaterials, specifically carbon nanotubes and graphene in FRPCs with a discussion
of the state of the art functionalization and incorporation methods, along with the challenges
encountered in these applications. Additionally, the method of ultrasonic spraying, the
chemistry of silane coupling agents, and their applications with nanomaterials were thoroughly
reviewed. The third chapter presents the experimental methodology and characterization results
for the newly synthesized, multi-functional silane coupling agent, SEPPS, dispersion of carbon
nanomaterials in water in the presence of SEPPS, and their placement on fiber surfaces via
ultrasonic spray deposition method. The fourth chapter presents the experimental methodology
and characterization results for the production of FRPC panels by vacuum infusion, and the
investigation of the mechanical properties of resulting composite structures containing carbon

nanomaterials at the polymer-fiber interface.



CHAPTER 2

2. LITERATURE REVIEW

Thanks to the rapid advances in the defence, aerospace and aviation industries, the need for
structural materials with low weight and high strength is increasing day by day [3]. With their
excellent structural and transport properties such as high strength, modulus, electrical
conductivity, flexibility, and thermal stability [7], carbon nanomaterials are often preferred in
the production of sensors, water treatment media, biomedical and composite materials.
Examples of nanomaterials belonging to the carbon family mostly used in the reinforcement of

composite materials are single and multi-walled CNTs (MWCNT), graphene, and fullerene.

After the discovery by Sumio lijima in 1991, the use of CNTs in various polymeric
nanocomposites has increased dramatically over time. CNT-polymer interactions can improve
the strength and toughness of materials which are especially desired in automotive, aerospace
and leisure applications. CNTs have been incorporated into various other commercial products
such as rechargeable batteries, water filters, thin film electronics, actuators, and lightweight

electromagnetic shields as well [8].

Recent examples of FRPCs containing CNTs include fuselage of aircrafts, propellers of
helicopters, chassis of automobiles and wind turbine blades. In principal, if these materials are
to be benefited as effective reinforcements in FRPCs, excellent dispersion, and interfacial
bonding between CNTs and polymer matrix must be provided[7]. It has been previously
reported that the incorporation of 1 wt% MWCNTSs into the epoxy resin matrix, can increase
the stiffness and toughness up to 6% and 23%, respectively without negatively affecting any
other mechanical properties[8]. However, due to the intrinsic nature of CNTs and their
agglomeration caused by Van der Walls forces, their homogeneous dispersions cannot be easily
achieved in water, organic solvents, or polymers [9]. Ultrasonication, calendaring, ball milling
or chemical modification methods can be used to enable a homogeneous distribution of carbon
nanomaterials. These methods can be used alone or as complementary to each other. Although
the ultrasonication, calendaring, and ball milling methods, which can be classified as physical
methods, are frequently used, they might not be effective when used alone due to reasons such
as re-agglomeration after the process as a function of time[10]. The surface modification of
carbon nanomaterials for homogeneous dispersion of flocculated carbon nano-additives has
attracted considerable attention in recent years. Stable and homogeneous distributions of them

can be achieved by creating active sites on the surfaces of carbon nanomaterials by



functionalizing them with groups that are compatible with the desired liquid medium or

polymer matrix (i.e., epoxy resin).

Over the last decade, graphene and graphene oxide have also generated enormous attention
owing to their unique and superior electrical, optical, mechanical, and chemical

characteristics.[11]

At sufficiently high loadings, the entanglement of long CNTs in a matrix may result in
unacceptably significant viscosity increases, while graphene platelets can more readily slide
past one another, thus reducing the viscosity increment. Thus, from a processing perspective,
thermoset resins treated with graphene may be preferred over CNTs for advanced FRPCs [12].
The functionalization of graphene to increase its compatibility with the monomer or precursor
of resins may further aid in controlling the solution viscosity. During the curing process, an
external field, usually an electrical field, may also be employed to orient or align graphene in
thermosetting polymers [13].

Lee et al. [14] used a technique devised by a Princeton University research group [15], [16] to
produce thermally exfoliated graphene oxide. The functionalized graphene single sheet formed
as a consequence, included C-OH and -COOH groups. Such functionalized graphene was used
to modify epoxy resins, resulting in an increase in strength and toughness of by approximately
30% and 200-700% at room and low temperatures of -130 °C, respectively, with a decrease in
thermal expansion coefficient at both below and above T of approximately by 25% at 1.6 wt%
functionalized graphene loading, and an increase in T4 by approximately 8°C at 0.4 wt%
loading, all without deteriorating the processability. The modified epoxy resin showed potential

for utilization in next generation FRPC-based multifunctional cryo-tank applications.

Additionally, graphene nanoparticles may be doped into the surface of fiber reinforcement,
creating a three-dimensional effect between plies when loaded. This approach is expected to
show a notable impact on the fiber-matrix interface, altering the interlaminar fracture toughness,
hardness, and delamination resistance, among other properties. Literature studies also describe
the use of graphene doped fibers for strain monitoring, pressure sensing, and fluid flow

monitoring applications [12].

Numerous coating techniques, including soaking, dip coating, electrospraying, and
electrophoretic deposition, have been employed to coat continuous fibers, fiber textiles, or
woven fibers with nanomaterials, which may be utilized as-is or cut down to short fibers for

use in processes such as sheet moulding compound or melt compounding.

5



Graphene oxides may be dispersed in fiber sizing chemicals and then coated on the surface of
fibers by pulling or dipping the fibers through the modified sizing agent. The interfacial shear
strength (IFSS, which measures the microbond of a single fiber to matrix) of epoxy composites
containing coated carbon fiber was increased by up to 70.9 %, while the interlaminar shear
strength (ILSS, which measures the interlaminar bonding of composites) was increased by 12.7
% compared to the composite containing de-sized and commercially sized carbon fiber,
respectively [17]. Additionally, the tensile strength and modulus of graphene oxide coated
carbon fiber reinforced epoxy composites were much greater than those of uncoated carbon
fiber reinforced epoxy composites. The microscopic examination (Figure 1) revealed that the
commercial-scale carbon fiber composites failed mostly due to gradual interfacial debonding
and fiber pullout, followed by fiber breaking. The surface of the extracted fibres was clean,
suggesting a poor interfacial connection between matrix and fiber. In comparison, graphene
oxide coated carbon fiber composites demonstrated simultaneous fiber and matrix failure,
whereas the interfaces between the fiber and matrix remained almost intact even after failure,

indicating strong interfacial bonding.

Figure 1 SEM images of fractured surfaces of unidirectional carbon fiber reinforced
polymeric composites: (A) commercial-sized carbon fiber—reinforced epoxy composite, (B) 5
wt% graphene oxide coated carbon fiber reinforced epoxy composites, (C) 10 wt % graphene
oxide coated carbon fiber reinforced epoxy composite [17]



2.1. Graphene and Graphene Oxide (GO)

Graphene is a carbon-based nanomaterial with a single carbon atom-thick, sheet structure [18],
whereas fullerene is a cage structure as synthesized by Robert Curl et al. [19] in 1985. It was
four years later in 1989, Kratschmer [20] verified the cage structure of C60-fullerene. In 2004,
Novoselov et al. [21] used a microcomputer peeling technique to effectively remove graphene
from its monolithic form, challenging the scientific understanding of two-dimensional crystals.
Graphene's structure is shown in Figure 2, which is comprised of an independent layer of sp2
hybrid carbon atoms. It is a two-dimensional carbon-based material with a hexagonal
honeycomb crystal structure and a hexagonal honeycomb crystal structure. With a sheet
thickness of 0.34 nm, graphene is the thinnest and strongest nanomaterial known so far [11].
Each carbon atom in graphene is connected through a bond to three neighbouring carbon atoms.
Due to their inability to make bonds, the remaining p electrons most likely form a bond with
the surrounding atoms, and the bonding orientation is perpendicular to the graphene plane.
Graphene's structure is very stable, with a C—C bond length of just 0.142 nm [22]. Graphene
has an extremely strong bond between each carbon atom. When an external force is applied to
graphene, the atomic surface deforms and bends further to compensate for the external force.
As a result, no rearrangement or misalignment of the carbon atoms occur, resulting in a
continuously stable structure [23]. When graphene electrons travel in their intrinsic orbits, there
is no scattering caused by external atoms or lattice imperfections [24], [25]. Graphene's
exceptional characteristics are due to its unique lattice structure. There are many ways for
producing graphene nowadays, but the most common ones include mechanical stripping, liquid
phase stripping, chemical vapor deposition, epitaxial growth, and redox approaches [26].
Recent research has focused on graphene quantum dots, as well as carbon doped with other
elements, chemicals, and organic compounds [11]. In comparison to graphene (G), graphene
oxide (GO) has the benefits of being inexpensive to produce, scalable, and simple to process. It
is often utilized as a precursor in the reduction of graphene oxide (RGO) [27]. Recent research
studies on GO have shown that GO also has outstanding characteristics, including a high
concentration of active oxygen-containing functional groups [28]. These oxygen-containing
groups or decreased doping elements may be utilized as catalytic active centers for
covalent/non-covalent interaction-based design, depending on the application requirements.
Additionally, the presence of oxygen-containing groups broadens the GO interlayer gap. Small
molecules or polymer intercalations may be used to functionalize it. A significant progress has

been made in the functionalization graphene oxide and its use has been demonstrated in



desalination, medication delivery, oil-water separation, immobilized catalysis solar cells,

energy storage, healthcare, and other areas [11].

Figure 2 Carbon allotropes: graphene to fullerene, nanotubes, and graphite [11]

2.2.  Carbon Nanotubes (CNTSs)
2.2.1. Structure

Properties such as high mechanical strength, high conductivity, chemical inertness, stiffness,
high aspect ratio and unique atomic structure have led scientists to incorporate CNTs into
conventional engineering materials. CNTs are cylindrical carbon-based structures which are
composed of rolled up single layer carbon sheets (graphene). The length of CNTs is in the order
of micrometres. They can be single walled (SWCNT) with a diameter of less than 1 nm or
multi-walled (MWCNT) with diameters reaching up to 100 nm by more than one CNTSs are

interlinked concentrically [29].

CNTs are comprised of folded graphitic sheets that are rolled into a concentric, cylindrical, and
hexagonal lattice structure. Graphite and diamond are two allotropes of the carbon atom as solid
phases. Isotropic strong diamond is obtained by sharing four valence electrons equally in carbon
atoms. Graphite is created by sharing three of these valence electrons with neighbouring atoms
over a covalent structure in a plane, while the fourth electron is inclined to be shared between
all atoms. The type of sp2 bond produces weak van der Waals bonding forces from the planar
graphite sheet while creating strong internal forces in the plane sheets. The form of sp2 bonding

induces high intrinsic forces in plane graphitic sheets but weak van der Waals bonding forces.
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Nanotubes also have a carbon backbone that is sp2 bonded. Graphitic layers may form
concentric structures because of definite topological defects in nanotubes. Disorders in bulk
CNTs generate pentagons, heptagons, and other defects within the sidewalls that normally
disrupt desired unique properties of CNTs, while all carbons in well-organized CNTs are
bonded in a hexagonal lattice except at their ends [8]. Nanotubes are classified into two
categories based on the number of inner graphene layers and whether they have open or closed
ends. The multi-walled carbon nanotubes (MWCNT) are one type of them. It was first found
as the form of concentric cylinders arranged along a common axis, identical to hollow graphite
fibers. The composition of MWCNTSs is much more regular than that of graphite fibers. The
distance between each graphite layer and the MWCNTSs is 0.34 nm, marginally more than the
single crystal value of 0.335 nm. Because of various geometrical limitations in shaping
concentric cylinders without wrinkles when maintaining and preserving the space between each
graphite layer, this smaller distance was obtained [30]. The hexagonal honeycomb graphene
structure is formed into a cylindrical shape with (m,n) lattice vector boundary conditions,
resulting in a single-walled carbon nanotube (SWCNT) (Figure 3). This graphene structure
schematic characterizes the essential properties of each nanotube, and each nanotube has the
main symmetrical structure [31]. This second kind of CNT has a uniform diameter of 1- 2 nm,
while MWCNTSs have a diameter of 5 to 20 nm. MWCNT diameters can even reach 100
nanometers [8]. The lattice vector indices (m, n) are used to specify them, and the nanotubes
are often categorized according to their folding characteristics. When n=0, (m,0), CNTs are
pointed to as “zigzag,” and when m=n (m,m), CNTs are pointed to as “armchair.” In certain
cases, they are referred to as "chiral™. In Figure 3, the unit vectors of the hexagonal lattice are
paired with a graphene layer. Metallic properties such as whether each CNT wall is metallic or
semiconducting are determined by the chiral angle between the tube axis and hexagons [31].
Specific SWCNT may show thermal conductivities greater than the thermal conductivity of
diamond [8].
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Figure 3 (a) Schematic honeycomb structure of a graphene sheet. Single-walled carbon
nanotubes can be formed by folding the sheet along lattice vectors. The two basis vectors al

and a2 are shown. Folding of the (8,8), (8,0), and (10, -2) vectors leads to armchair [31]
2.2.2. Properties of CNTs

Nanotubes are unique because of their unique combination of dimension, form, and topology,
which results in a wide variety of superior properties. The C-C bond network in the structure
provides a huge strength and stiffness to the material and ascribe CNTs as one the most
promising components for high-performance materials such as structural composites.
Furthermore, nanomaterials offer a wide surface area, which can be useful in mechanical and
chemical applications. BET methods are typically employed to determine the surface area of
MWCNTSs, which is reported as 10-20 m?/g, greater than graphite but lower than activated
porous carbons. SWCNTSs are supposed to have surface areas that are an order of magnitude
greater.[30]

2.2.2.1. Mechanical properties of CNTs

Mechanical properties such as elastic modulus, stiffness and strength are the most important
parameters in high-performance material applications. CNTs’ exceptional properties were
proven by theoretical and experimental studies. Wong et al. reported the first direct calculation
in 1997. The stiffness constant of arc-MWCNTS pinned at one end was measured using an
atomic force microscope (AFM). This resulted in an average Young's modulus of 1.28 TPa.
More specifically, they were able to take the first strength measurements, achieving a bending
strength of 14 GPa on average [32]. However, experimental studies are challenging because of

the extremely small size of CNTs. Therefore, results of different studies show significant
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variability. Differences in structure, synthesis technique or various defects can cause different
results as well. For example, Lourie and Wagner reported Young’s moduli of 2.8-3.6 TPa for
SWCNT and 1.7-2.4 TPa for MWCNT [33]. On the other hand, Yu et al. claims that Young’s
moduli of SWCNT’s differs from 320 GPa to 1470 GPa, and MWCNT’s from 270 GPa to 950
GPa [34]. Salvetat et al. used the AFM to obtain Young's modulus values of 12 to 50 GPa during
bending and manipulation in the first calculations for CVD growth MWCNT [35].

2.2.2.2. Thermal and electrical properties

According to well established studies [36], the electron transport parameters of tubes are well
characterized around the outer layer. McEuen and colleagues deposited SWCNTSs on a surface
area using AFM and then utilized metal electrodes to connect the nanotubes [37]. Therefore,
surface modification of CNTs drastically altered their electrical properties. The remarkable
conductivity characteristics of nanotubes have been investigated in recent years by the electron
transport system, termed 'ballistic,' discovered in each MWCNT at room temperature [30], [35],
where they act as metals or very tiny band gap semi-conductors, depending on the chiral angle
[30], [35]. SWCNTSs’ electronic characteristics have been studied more widely rather than
MWCNTSs since measurements of the electron transport process on each SWCNT are
considerably more visible [30]. The band gaps of semiconducting nanotubes are inversely
proportional to their diameters. It is around 1.8 eV for small diameter nanotubes and 0.18 eV
for the highest diameter, stable SWCNT. Because of their one-dimensional structure, pure
nanotubes have an extraordinarily high conductivity and a very low resistance. This enables it
to conduct the charge through the nanotubes without dispersing; as a result, heat build-up is
minimized. Nanotubes can conduct current at extraordinarily high densities of up to 100
MA/cm? [38].

Thermal conductivity of nanotubes is also rather high at room temperature, reaching up to 6000
W/mK; however, value as low as about 200 W/mK, or as high as 3000 W/mK has been reported
for MWCNTSs [35].

2.2.2.3. Chemical inertness

CNTs are comprising of non-reactive graphite lattice structure. Therefore, they are inert and C-
C bonds among the structure of nanotubes do not lead to reactions with other functional groups.
The only way to react CNTs with other chemical groups is to disrupt its chemical structure to

create functional groups on the sidewalls or tube ends [30].
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2.2.3. Applications of CNTs

MWCNTSs were first used as electrically conducive fillers in plastics, with amounts as
low as 0.01 wt% forming a percolation network due to their high aspect ratio. At 10 wt%
loading, disordered MWCNT-polymer composites have conductivities as high as 10,000 Sm™.
Conductive CNT containing plastics have allowed electrostatic-assisted painting of mirror
housings, as well as fuel lines and filters that dissipate electrostatic charge in the automotive
industry. Electro-magnetic interference (EMI)-shielding kits and wafer carriers for the
microelectronics industry are among other applications. CNT powders mixed with polymers or
precursor resins can improve the stiffness, strength, and hardness in load-bearing applications.
Adding 1 wt% MWCNT into epoxy resin increases stiffness and crack resilience by 6% and
23%, respectively, without sacrificing other mechanical properties [8]. Zhiwei et al. studied
mechanical performance of carbon fiber reinforced polymeric composites modified with CNTs
in the matrix and the interface and reported that the introduction of MWCNTS onto the fiber
surface improves the tensile strength up to 25% [39]. The contribution of CNTs to mechanical

properties pose a huge potential for use in industries such as automotive, aircraft and marine.

2.2.4. Processing of CNTs
2.2.4.1. Dispersion

The dispersion of CNTs in solvents or polymeric matrices directly affects the quality and
performance of composite materials reinforced with them. Since CNTs are an intrinsically inert
materials which can easily agglomerate and entangle due to their size and high aspect ratio,
proper dispersion, and strong interfacial bonding between the CNTs, and the polymer matrix
must be ensured if these materials are to be used as efficient reinforcing materials in polymer
composites [40]. In the literature, mainly two type of dispersion methods exist for a proper
dispersion; mechanical and chemical methods. Bath ultrasonication, probe ultrasonication,
milling, grinding and high shear mixing are considering as mechanical methods while ozone
treatment, acid treatment, surface functionalization and surfactant-assisted systems as chemical
methods. Numerous studies have been done to examine the interaction of CNTs among

themselves and with other media in the literature [7].
2.2.4.2. Incorporation of CNTs into polymeric composites

Carbon nanotubes are introduced into polymeric composites by two different approaches. The
first strategy is the addition of CNTSs into polymeric resins and then impregnation of the CNT-

resin mixture to the primary fibers. Unlike the first strategy, second approach is the integration
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of CNTSs onto the fibers and then the impregnation of neat resin to the CNT-decorated fibers
[41]. There are several methods for the incorporation of CNTSs either into polymeric resin or
onto fiber surfaces.

2.2.4.2.1. Incorporation of CNTSs by resin infusion

As resin infusion is the most scalable and practical procedure for the production of FRPCs in
various industrial applications, it is also commonly utilized for the incorporation of CNTSs that
includes an initial dispersion procedure into the resin, followed by liquid injection molding to
infuse the CNT-resin mixture into the fiber assembly for the construction of the final composite
structure. On the contrary, the amount of CNTSs that can be added into resin is constrained due
to the dispersion, viscosity, and infiltration problems. The consistency of the dimensions of
nanotubes must be ensured for excellent fabrication. Besides, the number of individual
nanotubes must be in a suitable range which provides the best dispersion. Furthermore, the
viscosity of the resin increases excessively due to the relatively high loading of CNTs. Because
of higher viscosity, unimpregnated regions and dry spots are observed in composite structure.
Specifically, nanotube concentrations more than approximately 1 vol.% aggravate the
mechanical performance of the final composites, resulting in a considerable reduction in
reinforcing ability [42]. As a result, this approach is regarded as the most difficult of all

integration approaches.
2.24.2.2. Growth of CNTs on carbon fiber substrates

To enhance the interfacial characteristics of the composites, CNTs can be produced directly
onto the reinforcing fiber substrates using the chemical vapor deposition (CVD) technique in
the presence of a catalyst. The polymeric resin is subsequently injected into this assembly using
the appropriate composite production procedure. The dispersion and alignment of nanotubes,
as well as the composite characteristics, may be adjusted using this approach in the thickness
direction. However, there are challenges in the CNT development process, such as the inability
to develop CNTs in large surface areas, catalyst constraints, difficulties for the functionalization
of nanotubes formed on the main reinforcing fiber surfaces, and microfiber degeneration due to

the CVD method's extreme growing conditions [43].

CNTs incorporated at the fiber/matrix interface by CVD have been reported to increase the
composites' interfacial shear strength, according to Thostenson et al. [44]. The application of
catalyst to the fiber surface, on the other hand, resulted in a considerable reduction (32%) in the

interfacial strength.
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2.2.4.2.3. Interlayer placement of CNTs

Another approach for the incorporation of CNTs, known as "interlayer placement,” has been
created as direct insertion of nanotubes between the main reinforcing fiber plies before the
composite manufacturing process, since the main micron-sized fiber has the potential to be
harmed by the CNT development process, and the uniformity and purity of surface grown CNTs
cannot be readily regulated. This approach has the benefit of vertically aligning nanotubes,
which improves out-of-plane characteristics [43]. Garcia et al. [45] were the first to successfully
align CNTSs on a silicon substrate and transfer them in the thickness direction onto the main
fiber ply. On unidirectional prepreg carbon fiber composite, this results in a 2.5-fold rise in
initial Mode | value and a 3-fold rise in initial Mode Il value. In contrast to its benefits, this
technology has the drawback of being an unpractical procedure in the industry owing to
constraints in large-scale manufacturing, cost, and thickness fluctuations in manufactured

composite structures.
2.2.4.2.4. Electrophoretic deposition of CNTs

The electrophoretic deposition (EPD) approach, which is based on applying an electrical field
to charged particles distributed in a liquid media, is another approach for the incorporation of
CNTs into FRPCs. CNTs are often utilized as particles in solution and are charged using a bias
voltage. Consequently, charged particles are able to migrate and deposit themselves on the
carbon or glass fabric substrate. EPD of both untreated and functionalized CNTs on the fiber
substrate has been shown to provide uniform deposition as well as being a viable, scalable, and
cost-effective technique [46]. However, challenges in controlling CNT alignment and
inadequate chemical interaction with carbon fibers have been identified as limitations of this
EPD approach [43]. EPD of carboxylic acid functionalized MWCNTSs onto the electrically
insulating primary glass fiber substrate exhibited a considerable improvement in interfacial
shear strength when compared to pristine glass fiber composite materials in a recent study by
Zhang et al. [6]. Furthermore, contrast to CNT development, EPD of carboxylated CNTs onto
carbon fiber has little effect on in-plane characteristics [47].

2.3. Ultrasonic spray deposition

Spray coating is one of the most cost-effective and versatile ways for producing thin surface
coatings [48]. Spray coating, unlike other coating methods, does not need a flat substrate,
specialized substrate chemistries for nanomaterial chemical development, or high pressures and

temperatures on the substrates [49]. Spray coating enables for excellent control of coating
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thickness due to its layer-by-layer methodology. In addition, recent advancements in spray
coating have enhanced the surface homogeneity [50] and mechanical characteristics of spray
coated materials [51].

Spray coating has previously been utilized to make graphene [52] and carbon nanotube films
with enormous surface areas. Airbrush spraying techniques and ultrasonic spray coating are the
two most used spray coating procedures. Using a pressurized gas carrier, an aerosolized
dispersion of particles is applied by airbrush spray coating. CNT coatings as substrates for stem
cell differentiation, CNT-based solar cell counter electrodes, and graphene-based

semiconductors have all been produced using airbrush spray coatings [48].

Ultrasonic spray coating is a recent technique that utilizes a high frequency operated nozzle to
produce more homogeneous droplets than airbrushing, with individual droplet quantities as
small as picoliters [53] (Figure 5). The comparison of drop diameter of ultrasonic spraying and

traditional airbrush is shown in Figure 4.

Ultrasonic spray nozzles, unlike airbrush techniques, distribute nanomaterials homogeneously
because ultrasonic vibrations destroy particle aggregates, and the nozzle self-cleans to avoid
nanomaterial build up at the spray head. For the fabrication of graphene-CNT composite
electrochemical cells and CNT-based photovoltaics, ultrasonic spray coating of carbon

nanomaterials has been explored [54].
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Figure 4 Drop diameter of air-brush and ultrasonic spraying techniques [54]
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While ultrasonic spray coating of carbon nanomaterials has been successful in the laboratory,
the absence of strong chemical (covalent) bonding between the particles is a major hurdle that
must be solved before this approach (or other deposition techniques indicated above) can be
used for large-scale 2D and 3D printing of all carbon nanomaterials for many practical
applications. For example, graphene and CNT coatings offer a great promise for orthopaedic
devices. However, owing to a lack of chemical connections between individual particles, these
coatings lack structural strength, which may contribute to nanoparticle-related toxicity issues
[48]. Components created utilizing carbon nanomaterials that are 2D or 3D structures must also
be robust and able to tolerate different mechanical stresses for certain photovoltaic applications,
such as solar panels. As a result, chemical interactions between individual nanomaterials that

increase component structural stability might be useful [48].
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Figure 5 Schematic of Ultrasonic Spray Deposition [55]
2.4.  Chemical functionalization of CNTs

One of the previously stated uses of CNTs is their incorporation into FRPCs for improved
characteristics. Because CNTs have a wide length-to-diameter ratio (aspect ratio) and are
chemically inert, they readily form agglomerates in any organic solvent or polymer matrix,
creating a great challenge during their dispersion and introduction into composite materials for
possible industrial applications. By restricting the optimal load distribution through the
interface, these problems immediately promote interfacial failure between the reinforcing
material and the polymer matrix. Consequently, poor integration of these nanoparticles in
FRPCs may cause significant mechanical property deficiencies in these materials, as well as a
reduction in the durability of associated composite parts of applications, particularly in the
aerospace industry.
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Because of these difficulties, CNTs must be diligently treated when placed at the interface of
FRPCs to guarantee a homogenous distribution of individual nanotubes, taking into account the
diameter of carbon or glass fibers (typically between 6 and 12 micron). The diameter of these
CNT bundles might be close to the micron sized primary fibers if they are not dispersed
homogeneously and separately, allowing the formation of CNT bundles. Throughout this
scenario, the bundles may behave as defects, harming the FRPCs' integrity and interfacial
strength. The improvement of interfacial interactions between primary reinforcing fiber and the
polymer matrix in FRPCs by the incorporation of CNTs at this interface depends on the nature
and concentration of chemical functional groups attached to the surface of CNTs, which directly
affects the dispersibility and wettability, as addressed in this thesis and analyzed in depth.
Individually isolated CNTs are the only way to establish a durable interface in FRPCs, as
previously documented in the literature [56]. Significant research efforts have been directed to
the chemical modification of the surface of CNTs, which is referred to as "chemical
functionalization," to overcome stated limits of CNTSs, distribute them evenly, and enhance their
interactions with other components of composite materials. Surface modification techniques
may be subdivided into covalent and non-covalent functionalization (Figure 6), with each form
of functionalization resulting in a controllable degree of contact between CNTs and the

surrounding materials.

CNT Functionalization Methods

Covalent Functionalization ‘ Non-Covalent Interactions

l l l l

Side-Wall Ends and Defects Polymer-Wrapping Surface attachements
of surfactant

Figure 6 CNT Functionalization Methods
2.4.1. Covalent functionalization of CNTs

It is widely established in the literature that the end caps of nanotubes are more reactive than
the side walls, owing to nanotubes' tendencies to form highly curved fullerene-like hemispheres

at the tube ends. Hirsch stated in their research that sp3-hybridized defects, pairs of pentagon-
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heptagons dubbed Stone-Walls defects, and voids in the nanotube walls are all regarded as

defect locations for the tube ends and sides as seen in Figure 7 [57].

Figure 7 Typical Defects in a SWCNT [57]

Typical defects in a SWCNT include the following: A) five- or seven-membered rings in the C
framework, rather than the conventional six-membered ring, which results in a bend in the tube;
B) sp3-hybridized defects (R=H and OH); C) oxidative damage to the C framework, which
results in a hole lined with -COOH groups; and D) an open end of the SWCNT terminated with
-CO. Other terminal groups such as -NO., OH, H, and C=0 are also possible in addition to

carboxy termini, which have been clearly confirmed.

Covalent functionalization of carbon nanotubes occurs at their end caps and/or sidewalls, while
non-covalent functionalization includes mostly weak contacts between CNTs and commutative
moieties, often along the CNT walls. Covalent surface modification refers to the chemical
bonding of molecules having functional groups such as -COOH, —COH, and —OH to the
sidewalls and termini of CNTs [58]. This process may take place through a variety of distinct
reactions involving highly reactive chemicals. Chemical processes for fluorination, direct
oxidation, amidation, radical addition and thiolation have been described in detail previously in
the literature [58].

24.1.1. Oxidation of CNTs

The most commonly employed surface modification procedures include the oxidation of CNTs
using acids such as boiling nitric acid, a combination of sulfuric acid and nitric acid or "piranha™

(sulfuric acid—hydrogen peroxide), or oxidative gases such as ozone [59]. Oxidative treatments
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immediately bond carboxylic and other oxygen-bearing groups, such as hydroxyl, carbonyl,
ester, and nitro groups, to the ends and/or defect sites in the side walls of CNTs (Figure 8). As
a result of ozone oxidation, an ozonide group is formed as an intermediate that is subsequently
converted to a secondary ozonide and/or other functional groups. The oxidation of CNTs causes
the tube tip to open, the tube to shorten, and the sidewalls to break into acidic chemicals termed
carboxylated carbon fragments. The extent to which these reactions occur, or the nanotubes'
reactivity, is strongly dependent on their morphological characteristics, such as the curvature
of the graphene within the tube, the tube diameter, and the tortuosity, defined as the ratio of the

end-to-end distance (1) to the contour length (10), of the tube's outer graphene sheets [59].

All these features are defined by the parameters of the nanotube synthesis. Quantitative data
defining the oxidatively surface-modified CNTs, such as the tube shape, diameter, and
tortuosity of the tube's outermost graphene, might aid in developing tailor-made preparation

techniques [59].

HNO;
HNO,/H,S0,

0y HyS0y/H,0,
0596 H;S0,/KMnO;

Primary ozonide

Figure 8 Scheme of procedure by the oxidation of CNTs by acid and oxidative gas [59]

To add carboxylic groups to the graphitic structure of MWCNTSs, Xing et al. examined the
oxidation of MWCNTs (95% purity, 30 nm in diameter) in a bath sonicated solution of
equimolar HNOs and H2SO4. Sonication was carried out for 1, 2, 4, and 8 hours. The treated
MWCNTSs were then centrifuged to separate them from the acids [60]. Prior to the structural
investigation, functional MWCNT-COOH was washed and dried in vacuum. As a result, it was
shown that a combination of sonication and acid treatments may be used to attach hydroxyl
(OH), carbonyl (C=0), and carboxyl (COOH) groups.
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By to the deposition of several polar and non-polar functional groups onto CNT surfaces by
covalent techniques, nanotubes can be made miscible in a variety of organic solvents. On the
other hand, it is important to highlight that acidic oxidation opens the ends of nanotubes and
creates a high number of defects on their sidewalls, resulting in carboxylated groups and,
depending on the extent of the oxidation process, the fragmentation of CNTs into smaller pieces
as shown in Figure 9 [61]. Although the acid oxidation of CNTs seems to be a simple chemical
approach, the undesirable liquid waste created during solution-phase acidic oxidation of CNTs
and the long purification procedures would significantly reduce their potential for large-scale
commercial applications. As a result, alternative attempts have been made to design
technologies that are easy to use, inexpensive, and cause the least amount of harm to the CNT

structure and surroundings [56].

Figure 9 TEM images: (a) SWCNTSs rope; (b) acid treated SWCNTSs rope [61]

As an alternative to aggressive acidic treatment of CNTs for defect site functionalization, gas
phase oxidation, more often referred to as "ozonolysis," stands out as the most effective surface
modification technology in terms of being ecologically and economically friendly while having
no detrimental impact on the carbon nanotube structure. Kim et al. demonstrated that ozone
oxidation produces an intermediate ozonide group on carbon nanotubes, which later converts
to secondary ozonide and/or other functional groups [58], as seen in Figure 8 . Additionally,
Banerjee et al. reported that the oxidative approach included three major characteristics:
purification of SCWNTSs to get a qualified product, chemical functionalization of nanotube
sidewalls, and finally, systematic process development to achieve precise oxygenated
functional group configurations. Finally, they generated carboxylic acids, aldehydes/ketones,
or alcohols by post-reactions of primary ozonide species with hydrogen peroxide (H202),
dimethyl sulphide (DMS), or sodium borohydride (NaBHa4), respectively [62].
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24.1.2. Flourination of CNTs

The surface modification of CNTs mainly refers to the modification of the sidewalls. The poor
reactivity of sidewall surfaces, which are mostly composed of sp2-hybridized carbons, makes
chemical modification of CNT sidewalls difficult. Fluorination was one of the first sidewall
functionalizations to be demonstrated directly. Under modest circumstances (fluorine's
dissociation energy is just 38 kcal/mol), highly reactive F radicals may be produced, and
fluorination retains the tubular form. The degree of fluorination is determined by the residual
metal content in the catalysts used for CNT synthesis or by preparation conditions and treatment
of carbon nanomaterial samples prior to fluorination (solvent type, annealing temperature) [63].
The degree of fluorination changes according to the reaction temperature from CizoF to
C19F[57]. Fluorinated carbon nanotubes (F-CNTSs) provide a platform for the introduction of
alkyl and/or aromatic groups through reactions with alkyl and/or aromatic peroxides (Figure
10) [63].
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Figure 10 Schematic representation of CNT fluorination and subsequent alkylation [59]
2.4.1.3. Addition reactions

Addition reactions may be nucleophilic, electrophilic, or cycloadditional. For instance, as seen
in Figure 11, a nucleophilic dipyridyl imidazolidene may combine with the electrophilic
SWCNT p-system to form zwitterionic polyadducts [64]. CNTs have a negative charge because
one negative charge is transferred from the imidazolidene to the delocalized CNT surface. This
is similar with the nucleophilic addition findings obtained with t-BuL.i [65]. Due to electrostatic
repulsion, negatively charged CNTs disperse uniformly in solution. Nucleophilic addition
introduces a novel way for doping CNTs, allowing for the modification of their electrical
characteristics. SWCNTs may be utilized to add surface modifiers through the reaction with
CHCIs in the presence of AICIs chlorine. After the hydrolysis of the labile chlorinated
intermediate species, hydroxy-functionalized SWCNTs were formed (Figure 12) [66].
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Microwave irradiation may aid in the electrophilic addition of alkyl halides to CNTs [58].
Cycloaddition is one approach for altering the surface properties of CNTs. As seen in Figure
13, an aziridine ring was formed on the CNT surface through [2 + 1] cycloaddition of nitrenes
[64]. [2 + 1] cycloaddition of nitrenes resulted in the formation of crosslinks between CNTs
[67] and a significant improvement in their solubility in organic solvents. Raman and
UV/VIS/NIR absorption spectra demonstrated that SWCNTs retained their electronic
characteristics after the surface modification [68]. As a result, just a few flaws were introduced
in the CNT surface to enable surface modification and covalent bonding. Dichlorocarbene
addition is another approach to generate cyclopropane on the surface of CNTs, since

dichlorocarbene is an electrophilic reagent that adds to the deactivated double bond [58].
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Figure 11 Schematic representation of nucleophilic addition of dipyridyl imidazolidene to
CNTs [59]
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Figure 12 Schematic representation of the electrophilic addition of CHCI3 to CNT and
hydrolysis of the functionalized CNTs [59]
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Figure 13 Schematic representation of [2 + 1] cycloaddition of nitrenes and the

dichlorocarbene addition [59]
2.4.1.4. Radical addition

Using aryl radicals generated from diazonium salts, aryl groups may be bonded to the surfaces
of CNTs. Aryl radicals may react electrochemically with CNTs using buckypaper as the
working electrode, or they may react with the equivalent anilines to modify CNTs in a few
different ways [58]. The addition of aryl radicals to CNT surfaces enables ‘solvent-free
modification' [69]. In polymer matrixes, solvent-free modification results in highly
functionalized and dispersible nanotubes. Surfactants and aryl diazonium salts may be used to
modify individual nanotubes (Figure 14). The tubes that arise stay unbundled throughout their
lengths and are incapable of re-agglomerating. This procedure results in a high degree of surface
modification, up to one in nine carbons on a nanotube, and highly dispersible CNTs in DMF or
aqueous solutions [70].

Figure 14 Schematic representation of the radical addition of diazonium salts to CNTs [59]
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24.15. Thiolation reactions

Thiol groups have a remarkable affinity for metal surfaces, most notably gold [71]. Thiolation
of CNTs is a critical step in the preparation of CNT—metal composites. Kim et al. accomplished
thiolation of CNTs as seen in Figure 15 [72]. Carboxylic groups introduced during the oxidation
processes may be transformed to thiol groups by reducing them to methylol groups with NaBHa,
chlorinating them to methyl chloride with SOCI., and then thiolating the methylol groups with
H>S/NaOH. By using Au-S chemical bonding, the thiolized tubes may subsequently be

constructed as monolayers on a gold surface.

C--OH H,C—OH H,C-Cl H.C--SH

NaBy, g 1 SOCH ) Thiourea™NaO¥
- -

Figure 15 Schematic representation of the thiolation of CNTs [59]

2.4.2. Non-covalent surface modifications of CNTs

The benefit of the non-covalent surface modification method is that the sp2 hybridization is
retained inside the graphitic structure of CNTSs, preserving their electrical characteristics while
substantially increasing their solubility. The technique of non-covalent chemistry is based on

the adsorption of molecules onto the surfaces of CNTSs, a process known as wrapping [73].

Through stacking interactions, surfactants, amphiphilic copolymers, and polyaromatic
compounds can be adsorbed onto the surfaces of nanotubes. As a result, non-covalent
functionalization is regarded as the simplest and the most successful method for increasing the
miscibility and solubility of CNTs without causing disruptions in the nanotubes' primary
graphitic structure. Surfactants, for example, are utilized since their hydrophilic ends interact
with polar solvent molecules while their hydrophobic ends adsorb onto the surfaces of
nanotubes [74]. Thus, the length of the surfactant's hydrophobic regions and the type of
hydrophilic groups play a critical role in dispersing nanotubes separated from bundles,
aggregates, or ropes in organic solvents [59]. In another instance, the aggregation behaviour of
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CNTs in a solvent can be significantly decreased by adsorbing surfactant molecules onto the
sidewalls of the nanotubes, reducing the surface tension and enhancing the wettability and
adhesion properties of them. Additionally, non-covalent functionalization may overcome strong
van der Waals interactions between nanotubes through electrostatic or steric repulsive forces.
The surfactant characteristics, the medium chemistry, and the polymer matrix all have a
significant role in determining the effectiveness of this modification technique [73]. Sodium
dodecyl sulfate (SDS), lithium dodecyl sulfate (LDS), and sodium dodecylbenzene sulfonate
(SDBS) are some of the most straightforward and widely utilized surfactants for non-covalent
functionalization and dispersion of CNTSs. It is worth noting, however, that the adsorption of
tiny surfactant molecules onto CNTs may potentially have a detrimental effect on the
mechanical properties of end products such as polymeric composites. On the other hand,
polymers, particularly conjugated polymers, have been demonstrated to be excellent wrapping
materials for non-covalent functionalization of CNTs due to the - stacking and van der Waals
interactions between the conjugated polymer chains containing aromatic rings and the carbon
nanotube surfaces [75].

2.5.  Silane coupling agents

Plato initially proposed the idea of two distinct components being kept together by a third
intermediate substance acting as a coupling agent to explain how a world made up of four
elements — earth, air, fire, and water — could exist as a unified entity [76]. Coupling agents
have long been regarded to be crucial in the growth of the use of polymeric structural materials
in various sectors [76]. They are used to increase the adhesion and compatibility of diverse and
different materials. Because they include two separate functional groups—one that is attracted
to the polymeric matrix and the other that is absorbed by the surface of the filler-a broad variety
of coupling agents are effective for this purpose [77]. The coupling agent, according to Tan et
al. [78], acts as a "molecular bridge" across the interface of different polymer binder and fillers,
resulting in the creation of covalent connections across the interface, which enhances the

composite system's characteristics.

When glass fibers were initially utilized as reinforcement in organic resins in 1940s, there was
an immediate need for novel bonding processes [76]. The use of silane coupling agents in
coating applications to promote adhesion between inorganic surfaces and polymeric molecules
has been recommended in many research studies since then [79]. They were studied as coupling
agents to promote the adhesion of organic polymers to mineral surfaces like glass fibers in
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composites because they are hybrids of silica and organic compounds linked to polymers [76].

Silane coupling agents have three key advantages:

Q) they are commercially accessible in large quantities,

(i) they contain alkoxy silane groups capable of interacting with OH-rich surfaces on one
end, and

(iii)  they contain a wide range of functional groups that can be tuned based on the matrix to

be employed on the other end.

Coupling agents' primary function is to increase the adhesion, which leads to changes in
resulting composite structures’ mechanical and electrical characteristics such as tensile and
flexural strength, fracture toughness, tensile modulus, bulk electrical characteristics, dielectric
coefficient, and so on [76], [80].

Demjen et al. discovered that silane compounds with various functional groups affected the
mechanical characteristics of PP/Caco3 composites in various ways [81]. Ralph K. Witt
discovered in 1947 that allyltrimethoxysilane on glass fibers produced polyester composites
with double the strength of those made with ethyltricholorosilane-treated glass [82]. Kaynak et
al. [83] investigated several silane coupling agents to increase the interfacial bonding between
recycled rubber particles and the epoxy matrix. Tezvergil et al. verified that using silane as a
regular treatment promoted the adhesion between polymeric matrix and fibers [84]. The
‘bridging effect' between high density polyethylene and silane modified TiO, was found by
Hashimoto et al. [85]. A plasticizing effect was seen at high silane loading levels, with impact
strength decreasing [86]. By lowering polymer viscosity, Hashimoto et al. reported that utilizing
silane coupling agents enhances the entry of polymer into the voids between the reinforcing
agent of a matrix [85].

In recent years, silane coupling agents have been employed to modify the surface of nanofillers
in polymeric matrixes. Tee et al. used silver nanoparticles as a filler in an epoxy nanocomposite
with silane, and the nanoparticle dispersity, electrical, and flexural characteristics of the
composite improved dramatically [77]. Cheng et al. utilized a silane sizing on CNTSs to activate

the surface and increase its adherence to epoxy as depicted in

Figure 16 [7].
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Figure 16 a) Silanized CNT b) Pristine CNT [87]

According to Peng et al., the suspension stability of CNTs treated with silane compounds is

much greater than that of pristine or other modified samples (Figure 17) [87].
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Figure 17 Suspension stability of the MWCNTSs (A: Pristine, B: Pretreated, C: UV/O3-treated,
D: Reduced, E: Silanized) [87]

2.5.1. Coupling mechanisms of silane compounds

Silane coating agents are compounds that serve to form durable chemical bonds between the
surfaces of two different types of materials. They are generally used to hold an organic material
and an inorganic material together. These compounds are designed to contain at least two
different functional groups to hold two different materials together [1]. Durable chemical bonds
established between two different structures significantly increase the mechanical and chemical
resistance and adhesion properties of resulting composite or hybrid materials. They are highly

effective chemicals for adjusting the desired properties by combining two materials with
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different physical and chemical properties and adding new properties to the materials [2]. They
can also be used to solve problems such as difficulties in the dispersion of hydrophobic
materials in water with the help of different functional groups. Organosilanes are one of the
frequently preferred coating agents in these applications. Their general structures are shown in
Figure 18. They contain a functional end (R) compatible with organic materials and another
end compatible with inorganic materials in a single molecule. X is a hydrolyzable group such
as alkoxy or halogen [3].

R-(CH2)n-Si-X3

Figure 18 General formula of silane coupling agents

Most commonly used organosilanes have three hydrolyzable groups and one functional group,
although these numbers may vary. The higher the number of hydrolyzable groups (X), the
higher the degree of bonding.

Alkoxy groups attached to the silicon atom form silanol structures by hydrolysis in water, and
they both form strong covalent bonds with the surface and polymerize within themselves by
undergoing a condensation reaction with hydroxyl (-OH) groups on the surface of substrates
and/or silanol groups within themselves (see Figure 20) [3]. Bonding to the CNT surface can
be achieved in this way. R functional ends can be amine, isocyanate, epoxy, etc. to be
compatible with the desired material. They can be covalently bonded with organic materials by
designing with proper functional groups (Figure 19).

R-Si-(OR')3 + 3H20 R-Si-(OH)3 + 3R'OH Ho " ot on M 0\ /5)
W\/\No—s.
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+ (R-Si-(OH), [ » @ N o
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Figure 19 Reaction mechanism of trialkoxy organosilane compounds to the carbon nanotube

surface
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Figure 20 Coating mechanism of alkoxy silane compounds with sol-gel method
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CHAPTER 3

3. FUNCTIONALIZATION, DISPERSION AND ULTRASONIC SPRAY
DEPOSITION OF CNTs

3.1. Materials

SWCNTSs with a purity of > 93 wt.% (average diameter of 2 nm and length of 5 micron) were
kindly provided by OCSiAl. N-[3-(Trimetoxysilyl)propy] ethylenediamine with a purity of
>97% and ethanol with a purity of >99% were purchased from Sigma-Aldrich. 1,3-
Propanesultone with 99% purity was purchased from Alfa Aesar.

3.2.  Ozonolysis of CNTs

The surface oxidation of SWCNTSs was achieved by continuously flowing ozone gas produced
by an ozone generator (A2Z Ozone Systems Inc.) through a vertical column packed with dry
SWCNTSs. Excess 0zone gas passed through the vertical reactor is trapped in a glass Erlenmeyer
filled with sodium iodide solution. Schematic of ozone oxidation setup is seen in Figure 21.
Ozone gas was fed through the vertical reactor at room temperature with a flow rate of 4 L/min.
Different SWCNT oxidation studies were carried out as a function of varying oxidation times.

Nano-filler

Figure 21 Ozone Oxidation Setup
3.3. Design of a novel, multi-functional silane coupling agent
Commercially available silane coupling agents can be further modified to achieve additional
functionalities. The two main features aimed in this study were to obtain good dispersion of the

functionalized CNTSs in water and the strong bonding of the CNTs with the epoxy matrix and/or

fiber surfaces. In this context, one end of the new silane coupling agent was designed to be an
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inorganic functional group that will bond with the CNT surface or fiber surface, whereas the
other end was designed to render not only hydrophilicity but also ability to form covalent bonds
with epoxy resin, an organic thermosetting polymer. While silanes with alkoxy functional
groups were used for this purpose, the other end of the chain was designed as an amino-

functional zwitterionic group (Figure 22).

Zwitter-ionic hydrophilic

group provides water
dispersibility .

Amine group
reacts with
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Figure 22 Reaction of SEPPS with oxidized CNT

3.3.1. Synthesis of 3-((2-aminoethyl) (3-(trimethoxy silyl) propyl) ammonium) propane -
1-sulfonate (SEPPS)

The newly synthesized SEPPS coupling agent is a multifunctional coupling agent containing
both a primary amine group and a zwitterionic group, obtained as a result of the reaction of
alkoxy silane with diamine functional group with 1,3-propanesultone (Figure 23). While the
zwitterionic part greatly facilitates dispersion in water, the secondary amine group on the same
group enables the bonding of CNTs to epoxy to form the epoxy-CNT bridges (see Figure 22).

The reaction was carried out in dry acetone and nitrogen atmosphere at room temperature.

OCH4
OCHs

O H3CO. + NH.
H“CO\|/\/\ P s// Dry Acetone, 23-25 °C \s!a/\/\ﬂ/\/ ’
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Figure 23 Schematic of SEPPS synthesis
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3.4. Preparation of SEPPS incorporated SWCNTSs

3.4.1. Preparation by chemical reaction

Oxidized SWCNTs were sonicated in ethanol-water solution (%95 EtOH) for 1 hr. In the
meantime, solid SEPPS was dissolved in a separate ethanol-water solution (%95 EtOH). At the
end of the sonication process, SEPPS solution and SWCNT dispersion were added into a round
bottom flask which was equipped with a condenser. The reaction was allowed to continue at
70°C for 4 hr in an oil bath. After 4 hr of a reaction, SEPPS functionalized SWCNTSs were
filtered through 0.45-micron pore size PTFE membrane filter and rinsed with deionized water
several times to get remove excess, unreacted SEPPS on SWCNT surface. For the final

dispersion, rinsed SWCNTSs were dispersed in deionized water by sonication.
3.4.2. Preparation by physical mixing

Oxidized SWCNTs were sonicated in deionized water for 1 hr. In the meantime, solid SEPPS
monomers were dissolved separately in deionized water. After the sonication, SEPPS solution
was added into a beaker which containing sonicated oxidized SWCNTSs and a physical mixture
of SEPPS and SWCNT was obtained. In this process, different from the chemical reaction
approach, no rinsing was performed to enable the hydrolysis of SEPPS compounds on the fiber
fabric upon ultrasonic spray deposition and to form a crosslinked siloxane network with
bonding between fiber surface-SWCNTs-epoxy matrix, which is expected to increase
mechanical properties of the final composite.

3.5.  Dispersion of SEPPS incorporated SWCNTSs

In this study, solvent-free, environmentally friendly SWCNT dispersions were obtained from
chemically modified SEPPS-SWCNTSs and physically mixed SEPPS-SWCNTSs in water with
the aid of a probe sonicator (SONICA Q700 equipment) operated at 80% amplitude with 5
seconds pulse on and 5 seconds pulse off.

3.6.  Ultrasonic spray deposition of SWCNTSs

SONO-TEK INC. ExactaCoat ultrasonic spray coater was utilized for deposition of SEPPS
incorporated SWCNTSs samples onto fiber surfaces as seen in Figure 24. This approach enables
coating large areas without the need of fillers or stabilizers by spraying the loaded solution onto
a substrate using an ultrasonic nozzle. It is used in conjunction with an ultrasonic syringe to
maintain an uniformly sprayed solution throughout the procedure, preventing the suspension's

flakes/particles from settling. After loading the suspension into the syringe, it is sonicated as it
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is injected into the nozzle. The nozzle's ultrasonic vibration oscillates the suspension within,
generating capillary waves. When these waves reach the nozzle's atomising surface (tip), they
gain an amplitude high enough to separate off the surface, generating the spray. The size of the
droplets is determined by the frequency of the ultrasonic vibrations, which exhibit an inverse
linear relation. A 48 kHz impact ultrasonic spray shaping nozzle was utilized for this
experiment. A jet air deflection system powered by compressed air gas is then used to guide the
spray onto the substrate. The gas supply aids in the structuring of the spray and does not entail
the suspension being pushed as with a normal pressure spray. The cloth substrates were placed

on a hot plate heated to 50 °C to remove any remaining moisture.

(‘ wﬁb‘ ‘ |

N

Figure 24 Ultrasonic spray deposition of SEPPS-SWCNT aqueous dispersion on glass fiber
fabric

3.7.  Results and Discussion
3.7.1. Thermogravimetric analysis of oxidized SWCNTSs

Thermogravimetric analysis (TGA) of selected samples was conducted with the Shimadzu
DTG60H Simultaneous DTA-TG equipment. Analyses were performed between 30 °C and
1000 °C at a heating rate of 10 °C/min under a nitrogen flow rate of 100 ml/min.
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TGA studies of pristine and oxidized SWCNT samples were conducted as a function of ozone
treatment time. As shown in Figure 25, oxidized nanotubes showed mass loss over three
distinct temperature ranges. The water or moisture on the nanotube surface evaporated firstly
around 100°C, whereas organic compounds such as carboxylic acid and hydroxy group are
expected to decompose between 100 - 300°C. Although mass loss for pristine SWCNTs was
negligible at these temperatures, weight losses of up to 15% was obviously seen in oxidized
SWCNTSs, particularly in the second region. Additionally, the mass loss between 100-300°C
increases with increasing ozone treatment duration, indicating that the hydroxy and carboxylic

acid groups increase proportionally as a function of the ozonolysis reaction time.
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Figure 25 TGA results of oxidized SWCNTSs.

A series of TGA analyses was also conducted to demonstrate that the oxidized SWCNTSs were
covalently bonded to SEPPS and that the SWCNTSs were successfully functionalized. As shown
in the Figure 25, while the -OH and -COOH groups of oxidized SWCNTSs decomposed between
100 and 300°C, when Figure 26 was analysed, the absence of mass loss in the chemically
modified SEPPS-SWCNTs between 100 and 300°C demonstrates that the -OH and -COOH
groups of the oxidized SWCNTSs were successfully converted. When the TGA graph of SEPPS
is examined, the decomposition temperature is found to be about 400 °C. Thus, the mass loss
of chemically modified SEPPS-SWCNTSs around 400 °C indicates that the functionalization
with SEPPS is effective. Additionally, the degree of the functionalization of SWCNT with
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SEPPS increased systematically with increasing amount of SEPPS during the chemical
modification as indicated by SWCNT:SEPPS weight ratio varying from 1:1 to 1:20. When the
CNT:SEPPS ratio was increased from 1:1 to 1:10, the mass loss at 400 °C rose by about 9%.

When it was increased from 1:1 to 1:20, mass loss increased by 18%.
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Figure 26 TGA results of chemically modified SEPPS-SWCNTSs

3.7.2. X-Ray Photo-Electron Spectroscopic (XPS) analysis

XPS is a useful method for determining the elements and type of bonds present on a surface.
XPS analysis is accomplished by blasting a photon at a sample. Einstein's photoelectric effect
states that an electron is emitted from a surface. This electron's binding energy (Eb) is measured
and studied. Each element has a unique Eb. As a result, XPS may be used to determine the
elemental composition of the surface. Additionally, depending on the take-off angle, it delivers

information on the chemical surface with a spatial resolution of a few millimeters and a depth

resolution of 5 nm [88].
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Along with TGA data, the XPS method was employed in this work to determine the elemental
composition of nanotubes and to conduct a more complete assessment of the effect ozone
oxidation. In Figure 27, an increase in O1s peaks on the surface of SWCNTs was detected as
the ozonation duration increased. The findings of the XPS study are consistent with those of
the TGA study. The formation of oxygen-containing groups on the surface is found to rise

systematically with the ozonation period.
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Figure 27 XPS results of pristine, and ozone treated SWCNTSs
3.7.3. Dispersion of SEPPS-SWCNTSs

Aqueous SWCNT dispersions studies were carried out for two different samples: (i) chemically
modified SEPPS-SWCNTSs and (ii) physically mixed SEPPS-SWCNTSs. Both dispersions were
first visually inspected. As seen in Figure 28 the dispersions prepared by the chemical
modification of SWNCTs with SEPPS formed large agglomerations and could not be dispersed
homogeneously in water. Since the nanotubes that could not be dispersed homogeneously could
not be sprayed properly onto the fiber surface by ultrasonic spraying, the study was continued
with physically mixed SWCNTSs with SEPPS.
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Figure 28 SWCNTSs in water a) after reaction with SEPPS b) after physical mixing with
SEPPS

Particle size measurements were used to evaluate the dispersion of SWCNTSs physically mixed
with SEPPS in water (Figure 29). To begin with, pristine SWCNTs were dispersed for 30
minutes by probe sonication in water. Secondly, SWCNTs which were oxidized by ozone
treatment were dispersed in water using probe sonication for the same period of time. Finally,
oxidized SWCNTSs that were combined with SEPPS 1:1 and 1:2 ratios and dispersed in water
using probe sonication for 30 minutes. Concentrations of all dispersions were set to 0.05 wt%
in water. The particle sizes of SWCNTs in four different dispersions were determined
immediately after sonication. Pristine SWCNTs were found in the form of huge agglomerations
in water, with a broad, multi-modal particle size distribution. The average diameter of pristine
SWCNT particles in water was measured to be 1000 microns. Upon the ozone treatment of
pristine SWCNTSs, a significant improvement was observed in their dispersion characteristics.
While large-scale agglomerations continued to be present, the average particle size of the
majority of particles has decreased from 1000 microns to approximately 100 microns. On the
other hand, it was noted that SWCNTs physically mixed with SEPPS had a more defined
particle size distribution and smaller particle sizes and variations. In water, the average diameter
sizes of the particles were measured to be approximately 30 microns for those physically mixed
with SEPPS ina 1:1 ratio. When the amount of SEPPS was doubled in the mixture, the average
particle size further decreased, demonstrating that physical aqueous mixtures of the designed
silane coupling agent with SWCNTs could be suitable for delivery onto fiber surfaces by

ultrasonic spray deposition.
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Figure 29 Particle Size Measurements of pristine, oxidized and SEPPS-SWCNTSs physically

mixed.
3.7.4. Scanning Electron Microscope (SEM) analysis

Once a homogeneous dispersion and distribution of nanotubes was ensured and maintained in
water, they were deposited onto fiber surfaces by ultrasonic spray deposition. SEM was used to
assess the surfaces of SWCNT deposited glass and carbon fiber mats prepared under
various conditions. A Leo SUPRA 35VP FEG-SEM device was used to evaluate the surface
morphology of the samples. Three distinct concentrations of pristine, ozonated, and physically
mixed SEPPS-SWCNTs were sprayed onto the surface of the glass fiber using an ultrasonic

spraying technique, and SEM pictures were captured.

As shown in the particle size measurements, since pristine SWCNTSs were unable to maintain a
uniform particle distribution in water, they immediately blocked the pipes and the pump of the
ultrasonic spraying device due to massive agglomerations rendering the device incapable of
spraying. As it has been found that oxidized SWCNTs were more uniformly dispersed than
pristine nanotubes, and that agglomerated structures were smaller than pure structures they were
successfully deposited on glass fiber fabric surfaces. Yet, as seen in Figure 30, the distribution
of SWCNTSs that were physically mixed with SEPPS was considerably more homogenous in

compared to oxidized SWCNTSs. Additionally, individual nanotubes have been found to be
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easily distinguishable, with almost negligible agglomeration in the physically mized SEPPS-
SWCNT sample. Given the bridges formed between the fibers, it was presumed that SWCNTs
in the presence of the multi-functional silane coupling agent SEPPS might enhance the surface

area of glass fibers and improve the wetting and adhesion with epoxy resin during the

manufacturing of FRPCs.

Figure 30 SEM images of a) SEPPS-SWCNT b) oxidized-SWCNTSs sprayed onto glass fiber
fabric by ultrasonic spray deposition

3.8. Conclusions
The presence of -OH and -COOH groups on SWCNT surfaces upon the treatment of a
continuous ozone gas flow demonstrated that the oxidation of nanotubes was successful.

Additionally, the degree of functionalization on the SWCNT surface increased systematically
as a function of the ozonolysis duration as evidenced by TGA and XPS.

Considering the dispersion quality of prepared SWCNTSs in water by visual inspections it was

clear that the chemical modification of SWCNTs with SEPPS was not satisfactory to obtain

39




agglomerate-free, homogeneous dispersions. On the other hand, physical mixtures of SWCNTSs
with SEPPS in water yielded homogeneous dispersions with significantly lower and more
uniform particle sizes. Possible reasons for the dispersion quality of both samples were

depicted in Figure 31.

Figure 31 Demonstration of SWCNTSs in water a) after reaction or b) after physical mixing
with SEPPS

Detailed studies revealed that a sonication duration of 30 min and a SWCNT concentration of
0.05 wt% was suitable to achieve a homogenous and stable dispersion in water. SEM analyses
revealed that ultrasonic spray deposition of obtained SEPPS-SWCNTSs dispersions enabled the
homogeneous coverage of fiber surfaces with distinct nanotube bridges between individual
fibers, demonstrating that sprayed SWCNT dispersions pose a huge potential for the
improvement of the mechanical properties of resulting FRPCs as reported in Chapter 4.
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CHAPTER 4

4. PRODUCTION and CHARACTERIZATION of FRPCs CONTAINING CNTs
4.1. Materials

SWCNTSs with a purity greater than 93 wt.% (average diameter of 2 nm and length of 5 micron)
were kindly provided by OCSiAl. Glass fiber fabric was unidirectional Metyx LT 450 E10A.
SEPPS was previously synthesized in-house as described in Chapter 3. Biresin CR80 epoxy
resin and Biresin CH80-10 hardener were purchased from Sika group.

4.2. Preparation of aqueous SWCNT dispersions

Oxidized SWCNT samples (Ox-SWCNT) samples that were prepared by ozone oxidation
described in Chapter 3 were ultrasonically treated under probe sonication (SONICA Q700
equipment) in deionized water for 1 hour under 80% amplitude with 5 seconds pulse on and 5
seconds pulse off. Meanwhile, solid SEPPS monomers were dissolved in deionized water. After
the sonication, SEPPS solution was mixed into the beaker containing the sonicated, oxidized
SWCNTSs. Lastly, the final dispersion was further subjected to ultrasonication under the same
conditions above. Two different SEPPS-SWCNT dispersions with ratios of 1:1 and 2:1 by
weight, respectively, were prepared by physical mixing. SWCNT concentration was 0.05 wt%
in each dispersion. As a control, only Ox-SWCNT aqueous dispersion and SEPPS aqueous

solutions were also prepared.

4.3. Spray deposition of aqueous SWCNT and SEPPS/SWCNT dispersions onto

glass fiber fabrics

Nanomaterials were sprayed on glass fiber surfaces using a SONO-TEK Inc ExactaCoat
ultrasonic spray coater using a 48 kHz impact ultrasonic spray shaping nozzle. The spray is
guided onto the substrate using a jet air deflection aided by compressed air gas. At the end of

the deposition of nanomaterials, fabrics were dried on a heat plate at 50°C for 1 day.

By using an ultrasonic spraying technique, four distinct dispersions were deposited on glass
fiber surfaces: ox-SWNCTSs, SEPPS-SWCNT dispersions with 1:1 and 2:1 weight ratios, and
SEPPS alone. In all spray deposition experiments, 10, 20 and 30 mg/m? deposition of SWNCTSs
were aimed on each surface of glass fiber fabrics by controlling the total amount of dispersion
sprayed onto each unit surface. In the case SEPPS, the same depositions amounts were aimed
by weight of SEPPS.
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4.4. Composite production by Vacuum Infusion Method

Vacuum infusion process was used to fabricate FRPC plates from the prepared fabrics.
Additionally, a reference plate without any SWCNT or SEPPS incorporation was produced.
The table was cleaned with a cleaner prior to the production. Following the cleaning, four layers
of a sealer were applied at 15-minute intervals to conceal the table's defects. Following the
application of four layers of sealer, four layers of a releaser were applied at 15-minute intervals
again. After the preparation of the table, glass fiber fabrics were lined up layer by layer in the
desired plate size. A flow mesh was used to wet the glass fiber fabrics uniformly and the peel
ply is used to prevent the plies from adhering to the flow mesh. In addition, perforated Teflon
sheet was also placed in between the peel ply and flow mesh to slow down the resin flow and
provide a better wetting. Then, a vacuum bag was used to enclose the glass layers over the
production area, and lastly, sealing tape was used around the edges to keep the whole system in
the vacuum. (Figure 32). To prevent sanding the samples after manufacturing, a peel ply was
also put between the table and the plates while producing tensile test samples.

Prior to vacuum infusion, after mixing the epoxy resin and hardener, a half-hour of degassing
was conducted. Meanwhile, air inside the vacuum bag was evacuated, the pressure inside was
lowered to zero, and the vacuum bag was checked for air leak. The degassed resin was then
vacuum infused. The plates were cured for three days at atmospheric pressure and ambient
temperature, and then post-cured for one day at 70°C. The plates were removed from the table
after four days. Composite plate produced by vacuum infusion process was shown on Figure
33.

Four different experimental groups were prepared throughput the experiment. In each
production, one more plate was produced without any nanoparticle deposition as a reference.
For all experimental groups, the nanoparticles were SWCNT, dispersion medium was water,
concentration of dispersions was 0.05 wt%, drying procedure of the fabrics was 50°C, reinforcer
was GF and epoxy resin was Biresin CR80. Experimental groups and samples are shown in
Table 1.
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Table 1 Four different composite plates including SEPPS and SWCNT deposited with
variable parameters

Sample Name Silane Silane/NP mg/m”2 (each side)

Reference - - -
Ox-CNT 10 mg/m"2 - - 10
Ox-CNT 20 mg/m”"2 - - 20
Ox-CNT 20 mg/m"2 - - 30
SEPPS 10 mg/m”~2 SEPPS - 10
SEPPS 20 mg/m”"2 SEPPS - 20
SEPPS 30 mg/m”"2 SEPPS - 30

SEPPS-CNT (1:1) 10 mg/m"2 SEPPS
SEPPS-CNT (1:1) 20 mg/m2 SEPPS 20
SEPPS-CNT (1:1) 30 mg/m"2 SEPPS 30

1 10
1
1

SEPPS-CNT (2:1) 10 mg/m™2 SEPPS 2 10
2
2

SEPPS-CNT (2:1) 20 mg/m"2 SEPPS 20
SEPPS-CNT (2:1) 30 mg/m"2 SEPPS 30

Figure 32 Steps of vacuum infusion process

Figure 33 Produced composite plate after vacuum infusion process.
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45. Sample preparation for mechanical, thermal and structural

characterizations

The produced FRPC plates were trimmed with water jet, then the tensile test specimens were
cut according to ASTM D 3039 standard, again using the water jet. A wet diamond cutter was
used to produce TGA, DMA, DSC, and pycnometer samples.

Tensile test specimens were cut from the produced plate in the 0° direction. As stated in ASTM
standards, the sample was 250 mm in length and 25 mm in width. Additionally, they were
tabbed using two component Araldite® 2011 adhesive on both sides with a span length of 150

mm, using tabs measured 50 mm in length and 25 mm in width (see

Figure 34).

Figure 34 Tensile test specimens of CNT reinforced GF composite (left), neat GF composite
(right)

For each FRPC sample, a minimum of 6 specimens were tested using INSTRON 5982 100 kN
Universal Testing Systems, and the results were analyzed using Blue hill® software. At a rate
of 2mm/min, the axial load was applied. As seen in Figure 35, for the examination of precise
strain data, a biaxial clip-on extensometer was fixed on the specimen and connected to the
testing equipment. One of the tensile test specimens before and after the tensile test was shown
in Figure 36.
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Figure 36 Tensile test specimen before (left) and after (right) tensile test
Selected FRPCs were subjected to dynamic mechanical analysis (DMA) using a Mettler Toledo
DMA instrument. The dynamic storage modulus and tan delta values were obtained as a result
of experiments conducted at a frequency of 1Hz from 25°C to 200°C with a 3 K/min increase

in temperature.

4.6. Results and Discussion
4.6.1. Structural characterization of FRPCs

The resin, fiber, and void ratios and densities of the produced plates were determined by the
density of composite (ASTM D792) and void content of the composite (ASTM D2734)
analysis. We were able to determine the void content of each composite structure using the
fiber-resin content and density of each plate, as presented in Table 2. The resin and void content

of each plate was found to be consistent in plates to be mechanically tested.
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Table 2 Properties of manufactured composites, average density, void content, fiber-resin

Sample Name Average Density (g/cm3)| Void Content (volume%) | Fiber wt% | Resin wt%

Reference 1,76 0,87 60,64 39,36

Ox-CNT 10 mg/m"2 181 051 65,44 34,56
Ox-CNT 20 mg/m™2 1,78 1,28 64,89 3511
Ox-CNT 30 mg/m”™2 1,76 1,76 64,21 35,79
SEPPS 10 mg/m™2 1,79 0,97 65,07 34,93
SEPPS 20 mg/m"2 1,79 0,05 6391 36,09
SEPPS 30 mg/m”™2 1,80 0,21 64,45 35,55
SEPPS-CNT (1:1) 10 mg/m™2 1,79 157 65,89 34,11
SEPPS-CNT (1:1) 20 mg/m™2 1,80 0,69 65,45 34,55
SEPPS-CNT (1:1) 30 mg/m™2 1,80 0,68 63,93 36,07
SEPPS-CNT (2:1) 10 mg/m™2 1,78 0,72 62,43 37,57
SEPPS-CNT (2:1) 20 mg/m”™2 1,79 0,76 62,67 37,33
SEPPS-CNT (2:1) 30 mg/m™2 1,77 0,64 61,96 38,04

4.6.2. Mechanical characterization of FRPCs
4.6.2.1. Tensile tests

As summarized in Table 3, tensile tests of fabricated FRPCs revealed that both Young's
modulus and tensile strength values increased when compared to the reference sample in all
FPRC samples containing ox-SWCNTs, SEPPS or different ratios of SEPPS and SWCNTSs. In
the first group, when 10 mg of ox-CNT was sprayed per square meter of glass fiber fabric, the
Young's modulus increased to approximately 23 GPa as the most significant improvement in
this group of FRPCs samples with an approximately 19% increase (Figure 39). In the case of
tensile strength, as in Figure 40 the incorporation of 20 mg of ox-CNT per square meter resulted

in a tensile strength value of 475 MPa, which represents a 55% increase above the reference.

In the second group of samples, in which SEPPS alone was incorporated, Young's modulus (see
Table 3) values increased in all three different spray deposition amounts, as in the first group.
The highest improvement was seen in the FRPC sample with 30 mg of SEPPS per square meter
at a strength of almost 22 GPa. 13.70% increase was observed in the Young’s Modulus of this
set of samples compared to the reference as shown in Figure 39. Additionally, the change in the
Young's modulus was directly proportional to the amount of SEPPS sprayed on the surface in
this group. When the tensile strength values were compared to the reference, all three SEPPS-
containing samples had greater values (Figure 37 top right). In this case, 10 mg SEPPS per
square meter reached the highest tensile strength value in this group with approximately 465

MPa, providing an increase of 51% compared to the reference.
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When FRPC plates were reinforced with SWCNTSs in the presence of SEPPS at a 1:1 ratio by
weight, all samples in this group resulted in an increase in Young's modulus and tensile strength
values when compared to the reference sample. The sample prepared with 30 mg per square
meter resulted in the highest Young's modulus, as shown in the Table 3. In addition, both the
Young's modulus and tensile strength proportionately increased with the increasing amount of
spray-deposited SEPPS-SWCNT. As shown in Figure 40 and Figure 37 bottom left, 30 mg of
SWCNTSs with 30 mg of SEPPS sprayed per square meter increased the tensile strength of the
reference plate by 47% with approximately 451 MPa.

When the amount of SEPPS was double compared to that of CNT in the aqueous dispersion
prepared for the spray deposition, a less significant improvement was observed in Young's
modulus values. The composite plate with 30 mg SWCNTSs per square meter showed the
greatest increase in this group, by 8.45 %. The improvement in the tensile strength values was
more significant, the samples with 30 mg/m? spray deposited SWCNTSs had a tensile strength
value of 487 MPa, an increase of about 59% above the reference plate. Yet, there was not a
linear relationship between neither Young’s modulus nor tensile strength and SWCNT

deposition amount in this group of samples.

Table 3 Tensile test results of FRPCs produced with VIP

Sample Name Young's Modulus, GPa| Tensile Strain, (%)| Tensile Strength, MPa

Reference 19,31+0,31 2,76+0,16 307,34+12,36

Ox-CNT 10 mg/m"2 22.94+1,68 3,71+£0,28 440,76+£30,61
Ox-CNT 20 mg/m"2 21,784+0,51 4,58+0,50 475,42+44.88
Ox-CNT 30 mg/m"2 2225+122 438+0,32 462,47+29,07
SEPPS 10 mg/m"2 21,18+0,52 4,27+0,35 465,31+£23,37
SEPPS 20 mg/m”2 21,58+0,50 3,46+0,26 376,19+15,33
SEPPS 30 mg/m"2 21,95+0,91 4,03+0,29 425,32+17,35
SEPPS-CNT (1:1) 10 mg/m"2 20,81+0,58 2,54+0,18 317,81£17,60
SEPPS-CNT (1:1) 20 mg/m"2 21,74+0,82 3,64+0,17 423,13+9,80
SEPPS-CNT (1:1) 30 mg/m"2 22,27+0,63 4,00+0,15 451,76+10,67
SEPPS-CNT (2:1) 10 mg/m"2 20,24+0,33 4,17+0,12 476,86£11,92
SEPPS-CNT (2:1) 20 mg/m"2 20,57+0,72 3,82+0,19 451,53+21,17
SEPPS-CNT (2:1) 30 mg/m’2 20,94+0,60 4,09+0,28 487,94+30,86
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Figure 37 Tensile test results of Ox-SWCNT reinforced (top left), SEPPS reinforced (top
right), SEPPS-SWCNT (2:1) reinforced (bottom left) and SEPPS-SWCNT (1:1) reinforced
(bottom right) FRPC samples

Tensile Stress (MPa)

800 97" Reference 000 o Raforence
===0x-CNT 10 mg/m*2 —— Ox-CNT 20 mg/m*2
—— SEPPS 10 mg/m*2 ——SEPPS 20 mg/m*2
prog SEPPS-CNT (1:1) 10 mg/m*2 o SEPPS-CNT (1:1) 20 mgim*2
———SEPPS.CNT (2:1) 10 mg/m*2 —— SEPPS-CNT (2:1) 20 mg/m*2 =
g
E
300 - « 300 =
> i
ae ) § / |
200 4 ! _—: 200 4 7z z |
E 7
7
100 100 4
o T T T T T T T T T J 0 T T T T T T T T T J
00 05 10 15 20 25 30 35 40 45 50 00 05 10 15 20 25 30 35 40 45 50
Strain (%) Strain (%)
500 -
= Reference
~— Ox-CNT 30 mg/m*2
- SEPPS 30 mg/m*2
400 —— SEPPS.CNT (1:1) 30 mgim*2
S —— SEPPS-CNT (2:1) 30 mg/m*2
<
£
w 3004 -\
£ 7
-
w e ]
3 v
= 2004
§ Z '
-
100
0 r r r r y y y r J
00 05 10 15 20 25 30 35 40 45
Strain (%)

Figure 38 Tensile test results of FRPC samples containing 10 mg/m? (top left) 20mg/m? (top
right) and, 30 mg/m? (bottom) carbon nanomaterials in comparison with reference and only
SEPPS containing samples
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Figure 39 Changes in the Young's Modulus values of FRPC samples containing Ox-
SWCNTSs, SEPPS or SEPPS-SWCNT mixtures in comparison with the reference
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Figure 40 Changes in the tensile strength values of FRPC samples containing Ox-SWCNTSs,
SEPPS or SEPPS-SWCNT mixtures in comparison with the reference

4.6.3. Thermo-mechanical Analysis of FRPCs
4.6.3.1. Dynamic Mechanical Analysis (DMA)

The dynamic storage modulus (E') is an important property that can be determined by
measuring the energy stored owing to the elastic behaviour of a material. As shown in Figure
41, it was found that the E' value of FRPC samples decreased significantly with increasing
temperature in both the reference and nanomaterial reinforced plates, particularly between 80°C
and 85°C, where the glass transition (Tg) occurs. This reduction is explained by the material’s
phase transition from a glassy to a rubbery state because of an increase in the mobility of the
molecular chains as the temperature increases. Due to the decreased interfacial interactions
between the matrix and the fibers after Tg, the material's resistance to elongation, or stiffness,

diminished.

There was no significant reduction in the Tg values of the selected samples in this study (see
Figure 42). When the dynamic storage modulus is compared before the glass transition,
composite ssamples reinforced with SEPPS-SWCNT had higher E' values than the reference.

The increase in storage modulus in relation to the Young's modulus values in tensile test results
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further demonstrated that reinforced composites had enhanced mechanical and

thermomechanical characteristics.
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Figure 41 Storage modulus of reference and selected nano-reinforced FRPC samples
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Figure 42 Tan delta results of reference and selected nano-reinforced FRPC samples

4.6.4. Thermal Characterization of FRPCs
4.6.4.1. Differential Scanning Calorimetry (DSC)

The thermal characterizations of manufactured composite samples were carried out to assess
any issues related with the curing efficiency and changes in the T4 of samples containing SEPPS
and SWCNTs in comparison to a reference sample. When the DSC data were compared to the

reference, SEPPS-SWCNT containing samples’ Tg values was slightly lower than the reference
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samples, yet they were all in an acceptable range above 80 °C. The fact that the T values of the
produced plates did not vary significantly from the reference indicated that the sprayed SEPPS
with SWCNTs had no negative impact on the curing behaviour of the resin and the final
composites’ thermal characteristics. Additionally, the fact that the DSC and tan delta findings
from the DMA analyses were consistent demonstrated the reliability. Slight decreases in Tg of

plates containing nanomaterials are shown in Figure 43

0.0
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——SEPPS-CNT(2:1) 10 mg/m*2
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Figure 43 DSC thermograms of reference and selected nano-reinforced FRPC samples

4.7. Conclusions

Oxidized SWCNTs were dispersed in water in the presence of a multi-functional silane
compound, SEPPS, and uniformly deposited on glass fiber fabrics by using an ultrasonic
spraying technique. Then, utilizing these fibers, vacuum infusion process was used to produce
various SWCNT reinforced FRPCs. Fiber to resin ratio determination, void content and density
measurements were performed to verify that the manufactured plates were comparable. The
plates were found to be appropriate for thermal, thermomechanical, and mechanical testing and
in accordance with the standards required for these tests. Significant improvements were
observed in the mechanical behaviour of FRPC samples containing SWCNTSs and/or SEPPS.
In fact, even the incorporation of SEPPS compound alone resulted in significant improvements
in the mechanical properties of FRPCs, demonstrating that the designed, multi-functional silane

compound, SEPPS alone was able to significantly contribute to load transfer at the matrix-fiber
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interface. The incorporation of SWCNTSs in the presence of SEPPS was demonstrated to
improve the mechanical properties, tensile strength and Young’s modulus of resulting FRPCs
more systematically, as a function of the SWCNT content especially when a 1:1 ratio of SEPPS
to SWCNTs was used in the dispersion. DMA results demonstrated that the incorporation of
SEPPS and SWCNTSs at the fiber-polymer interface improved the storage modulus of resulting
FRPCs below the glass transition. Additionally, the examination of T4 values from DMA and
DSC analysis demonstrated that the incorporation of SEPPS and/or SWCNTSs into the interface

had no negative impact on the epoxy matrix’s curing behavior.
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