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CHAPTER I

INTRODUCTION

Composites are increasingly replacing metals in the industry and are materials of choice
in various applications due to their outstanding strength to weight ratios and thermo-mechanical

properties [1].

Epoxy resins, being the building blocks of widely used composite combinations, are evolving as
materials of focus for polymer chemists to address the performance needs of industry. Tons of
epoxy resins and their respective hardeners are produced every year and increasing number of
formulations of the same are being introduced at the same time. A recent forecast by the
industrial analysts estimates global epoxy resins market to reach 1.93 Million Tons by 2015 [2].
Aerospace industry holds a key share in these markets and is seeking more resin formulations
with better performance capabilities.

1.1 Epoxy Resins

Epoxy resins are a family of thermosetting polymers characterized by two or more oxirane
(epoxide groups) rings within their monomer configurations [3]. These rings can participate in a
variety of reactions forming cross-linked compounds, attributing to their versatile structural

applicability. These resins when cured, form materials suitable for structural applications with



variety of reactions forming cross-linked compounds, attributing to their versatile structural

applicability. . Figure 1 shows the structure of an epoxide ring.
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Figure 1: Epoxide ring

On the negative side, these resin systems suffer low toughness values and it is believed that the
brittleness can be related to their high cross-linking, which makes the molecular motion difficult.
This results in low energy absorption during fracture and hence lower fracture toughness [4]. The
problem can be overcome by optimizing the process parameters like the layup sequence, curing
time and processing technique. Thus toughening of polymers is a topic of high interest and
different approaches are being evaluated and introduced to resolve the issues. Use of secondary
phase fillers is among some of the popular methods of toughening. Due to the ease of processing,
secondary phase fillers have a variety of advantages over conventional processing methods. Also,
in the commercial applications and developments standpoint, secondary reinforcement of
polymers is one of the easiest ways to achieve properties not available in individual materials.

One common secondary type of fillers for epoxy systems are the carbon based nanoparticles like
the carbon nanotubes (CNTSs), fullerenes (Bucky balls) and graphene nanoparticles [5]. Among all
the nano-forms of carbon family, there has been an increased interest in the use of graphene as
secondary phase filler material due to its exceptional mechanical, thermal, electrical and barrier

properties.



1.2 Graphene nanoparticles

Graphene is a single 2-D layer of graphite with a hexagonal array of carbon atoms in which each
atom is bonded to three of its neighboring atoms [6]. It is naturally available in the form of
graphite, which is a stack of several graphene sheets held together by weak Vander Wall’s forces.
These layers possess large surface areas and surface energies. The bonding type in graphene (sp2
carbon-carbon) being the strongest type of bonding (theoretically), gives graphene its

extraordinary structural properties.

Graphene oxide, otherwise called graphitic acid, is an oxide form of graphite that still preserves
the parental layer-like structure and terminated by oxygen rich groups like epoxide, carbonyl and
hydroxyl. Because of the availability of both hydrophilic and hydrophobic (basal planes) groups,
graphene oxide is an amphiphilic compound and its affinity for water attributes to its high

dispersibility in it. Figure 2 is the expected structure of graphene oxide.
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Figure 2: Expected structure of graphene oxide [7]



1.3 Overview of the study

The present work focuses on the enhancement of toughness properties of carbon fiber reinforced
plastics (CFRPs) using graphene oxide nanofillers. The effect of graphene oxide dispersed in
polyvinyl Pyrrollidone (PVP) solution and incorporated into the interface of the composite
laminates will be studied. According to the current hypothesis, the propagating crack in the
composites is deflected (tilting and twisting) in the presence of graphene oxide, resulting in
fracture toughness improvement in the composites. Double cantilever beam (DCB) testing will be
employed to estimate the energy absorbed in delaminating the laminates. A comparison of energy
required for fracture, varying graphene oxide content will be brought to optimize the graphene
oxide content. Also, the effect of graphene oxide particles on the application temperatures (glass-
transition temperatures) of the composites will be studied, at different doping levels. Detailed
characterization of the fracture surface will be done to understand the mechanisms involved in the

toughening process.

Scanning electron microscopy (SEM) studies will be performed to look at the nano-structure of
un-exfoliated and exfoliated graphene oxide. TEM analysis is also performed to examine the
structure of graphene oxide layers. Three point bending tests will be performed on the composites

for measuring the flexural properties.



CHAPTER II

HYPOTHESIS

Contemporary polymer composite materials used are polymers filled with high strength fibers in
the direction in which properties are desired. As a result, continuity of fiber does not exist in the
through thickness direction. This discontinuous characteristic of these laminates results in
structural weakness [8] (low interlaminar strength) and leads to delamination fracture.

The basic modes of fracture in laminated composites can be categorized into three classes based
on the type of loading in the matrix. They are opening mode (Mode 1), sliding mode (Mode II)

tearing mode (Mode I11) [9]. Figure 3 shows the typical modes of failure in composites.

Mode I Mode II Mode ITT

Figure 3: Typical modes of fracture observed in composites

There is already enough understanding that the energy required to propagate mode | type of crack
is the least compared to other types. Trakas et al. have measured the strain energy release rates for

the three basic modes with varying stacking designs [10] on carbon-fiber/epoxy laminates.



The results in in the paper have been shown in Figure 4: Comparison of fracture toughness values
in different modes Figure 4. From the plot, it is clear that the energy required for mode I
delamination is significantly low compared to modes Il and Il1. It can further be inferred that the
composites are more susceptible to mode | fracture than others and that there is a need to improve

the mode | fracture toughness for improved structural performance.

MMode | |
388 » BMode Il
% O Mode Il
-';:7!;@wﬁ
02 |
Bl
90/90

Orientation

Figure 4: Comparison of fracture toughness values in different modes [10]

Also, efforts have been put to improve the mode | fracture toughness in these composites using
various nanofillers through bulk modification [11-13]. This involves usage of high amounts of

nanofillers, resulting in increased material cost.

The main aim in the current study is to improve the fracture toughness of polymer composite
laminates with the use of minimal amount of nanofillers in the interfaces. To achieve the goal of
locally incorporating nanofillers into the composite laminates, Polyvinyl Pyrrolidone, a

thermosetting polymer compatible with epoxy systems [14] is proposed as a carrier for the



nanoparticles. The polymer apart from acting as a carrier and compatibilizer, is expected to

perform a variety of roles including interacting in between the graphene plates.

According to the proposed hypothesis, graphene oxide plates could act as deflectors in path of a
propagating crack in interlaminar region and deviate it from its original direction. Consequently,
fracture surface area could increase and thereby the work of fracture in mode | opening improved.
This argument is also supported by literature available on plate like nanofillers [15, 16]. Research
available on the use of plate like nanofillers like clay, graphene and molybdenum disulfide
showed improvement in mechanical properties [17-21]. Also, functionalization of graphene by
chemical oxidation is expected to modify the surface energy and enhance interfacial bonding with

epoxy resin.

The use of graphene oxide in polymer composite systems for improvement of mode | interlaminar
has not been explored yet and the results are expected to be a good contribution to the scientific

society.

2.1 Choice of graphene oxide

Studies reveal that two-dimensional graphene sheets as nanofillers have higher efficiency to resist
fracture and fatigue than one-dimensional carbon nanotubes [17]. These properties can be
attributed to the high aspect ratios of graphene sheets. Also, it has been shown that graphene has a
strong affinity to form hydrogen bonding with water, which is an added advantage to its

exfoliation and dispersion in aqueous solutions [22].

The choice of graphene oxide is made because of its potential to interact chemically with various
resin systems, while physically enhancing the properties like a filler material. The presence of
functional groups like carboxylic, epoxide, ketone and carbonyl result in its high compatibility

with epoxy and other resin systems, making it a suitable filler material for the improvement of



mechanical properties. The carboxylic groups present in graphene oxide are expected to involve
in addition reactions while other functional groups involve in hydrogen bonding. Given the
versatile applications of epoxies in structural systems, graphene oxide nanoparticles incorporated
into epoxies are expected to manifest themselves as practical solutions for high performance

composite materials.

The major hurdle in the process is isolation of graphene oxide plates and their incorporation into
the polymer hosts. The problem is addressed by the use of an ultrasonicator, which creates
shockwaves in the medium that are capable of exfoliation. Also, a low viscosity polymer like
Polyvinyl Pyrrolidone (PVP) that can form films and compatible with the epoxy systems is used
to intercalate between the graphene oxide plates and to act as a carrier of the nanoparticles. The
choice of the carrier polymer is critical in the process because its existence in the interface is as

significant as the matrix material and can influence the interface properties directly.

2.2 Role of Polyvinyl Pyrrolidone

The major role of PVP in composites is to be a polymer carrier for nano-fillers into the
interlaminar region. Also, PVP is a potential material to stabilize nanoparticles, especially
graphene compounds [23]. Outstanding crosslinking properties of PVP and its compatibility with
most of the polymers [24] make it a suitable material for the current technique. M. Munz et al. in
the book “Adhesion — Current Research and Application” studied an epoxy formulation
sandwitching a PVP film. It was reported that PVP acts as a good compatibilizer for epoxy
systems, improving the mechanical properties of the resin. The mechanism of PVP — GO
interacting with resin system can be predicted as absorption and adsorption [25] (in this process,
chemical reaction). High absorption activity is observed in epoxy/PVP interfaces, accompanied
by some adsorption [25]. The extent of absorption or adsorption of epoxy molecules into films

depend on mobility of PVP molecules in the curing process. The mobility can be varied by



controlling pressure and temperature conditions in the curing process. Mobility is further
dependent on glass transition temperature of PVP, thereby on its molecular weight [14] thus PVP
K60, which has a moderate glass-transition temperature (around the composite curing
temperature), is used. Oyama et al. in “Interdiffusion at the Interface between Poly
(vinylpyrrolidone) and Epoxy” studied epoxy/PVP interface and reported strong chemical

interactions between epoxy and the carbonyl functional group of PVP [14].

Other rational behind using PVP is its potential as an intercalant. There is literature available on
the use of PVP as an intercalant in case of plate like nanoparticles (montmorillonite clay) [26-28].
Also, PVP has proved to be a good stabilizer for nanoparticles like gold, CNTs and graphene [23,
29]. Physical association of PVP with CNTs has been shown to enhance the dispersion of CNT in
both water and organic solvents [30]. The possible mechanism for the interaction of polymer
solvents with nanoparticles is by wrapping. Figure 5: Proposed combining mode of graphene
oxide — PVP/Epoxy compositespresents a schematic of proposed reaction between graphene

oxide, PVP, epoxy and the amine.
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Figure 5: Proposed combining mode of graphene oxide — PVP/Epoxy composites

2.3 Selective toughening

The mechanism of toughening associated with the current method of applying nanoparticles in
between laminas is to present increased local resistance to a propagating crack in the interface. In
other words, our aim is to slow down crack propagation by introducing mechanically dissimilar
obstacles in the most probable delamination path.

As opening mode or mode | type of fracture takes the minimum energy [31] (among the basic
modes) to cause composite failure, improving mode | toughness properties is of interest.
Moreover, toughening is needed only in the interlaminar region and not in the bulk. The method
employed in this study involves selective toughening of composites in the interlaminar region
only. Painting of PVP dispersed nanofillers is expected to improve the interlaminar fracture

toughness in composites.

Jenny Win et al. applied a similar method to ceramic composites by using very thin alumina

interlayers coated with alumina slurry in a polymer. The composites obtained displayed high

10



mechanical properties [32]. Figure 6 describes the concept of fracture toughness enhancement
using fillers in the interface. It can be understood from the schematic that we expect an increase
in the crack length, leading to higher energy absorption.

Similar attempt by Wang et al. to incorporate silicon carbide whiskers in the interface yielded a
50% increase in the fracture toughness [33]. Yuan Li et al. incorporated vapor grown carbon
nanofibers into carbon fiber reinforced composites in the interlayer and observed a 25%
improvement in the fracture toughness with an addition of vapour grown carbon fibers in the
interface (about 12.7 wt % in the entire sample) [34]. Masahiro Arai et al. incorporated vapour
grown carbon nanofiber in the interlaminar region and achieved a 50% improvement in the

fracture toughness with about 7-13 volume percent of filler composition.

Before Selective Toughening After Selective Toughening

Figure 6: Schematic of selective toughening

The effect of interlaminar toughening using graphene oxide on mode | fracture toughness is
guantified using double cantilever method and the values are compared to check if the hypothesis
is true. Also, fractography studies can give a clear understanding of the mechanisms of

toughening.
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CHAPTER IlI

BACKGROUND REVIEW

Polymer nanocomposites have been using nanofillers like carbon black, carbon nanotubes, and
layered silicates for enhancement of mechanical, thermal, electrical, and other properties [28, 35,
36]. The discovery of graphene as a new member of the carbon allotropes family lead to a new
class of modified polymer materials with enhanced properties.

3.1 History of Graphene

Graphite and its oxide forms have a history that dates back to some of the earliest studies on the
chemistry of graphite [37]. Brodie, a British chemist in 1859 put efforts to oxidize graphite in the
presence of nitric acid and potassium chlorate. He named the oxide obtained as “graphic acid”.
The oxide form was easily dispersible in pure water and not dispersible in acids. Staudenmaier in
1898 improved the method by using concentrated sulfuric acid as well as fuming nitric acid. The
change in the procedure resulted in highly oxidized graphene oxide.

The next significant contribution to the graphite oxide chemistry was by Hummers and Offeman,
who developed an alternative method to oxidize graphite by treating it with a mixture of
potassium permanganate (KMnQ,) and concentrated sulfuric acid (H,SO,4) [38]. Though there is
research on the use of these nanoparticles in various nanocomposites, efforts to obtain free
standing one atom thick layers remained unsuccessful till a recent work on free standing graphene

layers got a Nobel Prize for physics in 2011.
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3.2 Structure and properties of graphene compounds

Graphite is a member of the allotrope family of carbon. Its structure can ideally be described as
consisting of layers of hexagonally arranged carbon atoms covalently bound to three other carbon
atoms. These in-plane carbon — carbon covalent bonds are formed through sp2-sp2 orbital overlap
and thus possess highest bond strength while, across the planes, the layers are held together by
weak Vander Waals forces. The unsymmetrical bonding style observed is because all the valance
electrons are used up to form ¢ and @ bonds among the carbons in the in-plane direction [39]. As
a result, graphite has superior properties in the in-plane direction compared to out-of-plane
direction. Figure 7: crystal structure of graphite shows the atomic arrangement in the graphite

crystal lattice.

Figure 7: crystal structure of graphite [40]

Graphene is a term used for an exfoliated form of graphite. In other words, the plates in graphite
are well separated. The mechanical properties of single graphene reported show that it is the
strongest material ever tested. According to the measurements, graphene has a tensile strength of
130GPa and elastic modulus of 1 TPa [41].

13



These properties pose it as a benchmark for structural and mechanical applications. Table 1

shows a comparison between moduli of various materials.

Table 1: Comparison of young's moduli of different materials [42]

Material Young’s modulus (E) in GPa
Rubber (small strain) 0.01-0.1
PTFE (Teflon) 0.5

Nylon 3-7

Oak wood (along grain) 11
Concrete(under compression) 30
Aluminum alloy 69

Glass 65-90
Titanium (Ti) 105 - 120
Copper (Cu) 110-130
Silicon (S) 150
Wrought iron and steel 190 - 210
Tungsten (W) 400-410
Silicon carbide (SiC) 450
Diamond (C) 1,050 — 1200
Single walled carbon nanotube 1000
Graphite/Graphene 1000

Graphite oxide is also a plate like structure with functionalized organic groups attached to the
edges of the plates. It preserves the parental structural properties and exhibits better chemical
reactivity due to the presence of organo functional groups like the epoxide, carboxylic, carbonyl

and ketone, which make it reactive with a variety of polymer systems [43].

14



Table 2: Pricing and availability of Graphene Oxide and other nano-additives

POSS Dendrites  Hyperbranched Diamond Fullerenes Carbon MWNT  Graphene Graphene Oxide
Polymers Adamantane
Available Amounts  100s of Tons Kilograms Kilograms Tons Kilograms 100s of Tons 100s of Tons 100s of Tons
Price($/Kg) 10s 100s 10s 100s 1000s 1000s 100s 10s
Solubility Good Good Good Good Poor None None Good

Diversity of Very Good Good Good Poor Fair Poor Good Very Good
Chemistries

Aspect ratio Good Good High Good High High Very High Very High

15



3.3 Exfoliation and intercalation of graphene plates

Considering the fact that lower dimensionalities of graphite show enhanced reactivity, it is
desirable to have the graphene oxide layers separated improve the reactivity with the resin
system. The process of separation is sometimes termed as exfoliation or intercalation. Exfoliation
is a concept of randomizing the particles in the compound resulting in an increase in the surface
area and thus volume. In terms of graphene and its oxides, exfoliation is the process of
randomizing and separation of plates, resulting in a more disoriented system. In this process,
there will be an expansion in the z axis direction resulting in a material with a reduction in
density. On the other side, intercalation is a widely studied way of separating graphite plates
using layers of intervening atoms or molecules resulting in compounds with isolated graphene

layers embedded in a 3D matrix.

Polymer

Phase separated Intercalated Exfoliated

Figure 8: Exfoliation and Intercalation in plate like materials
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Chemical, thermal and physical methods have been well explored in isolation of graphene plates
and the 2 D crystals have been characterized [44-46] and these methods result in exfoliation
and/or intercalation of layered structures [47-50]. Figure 8: Exfoliation and Intercalation in plate
like materials shows a schematic of the process of exfoliation and intercalation in layered

structures.

Theorists like Landau and Peierls in their work on two-dimensional crystal lattices predicted that
existence of lower dimensions is thermodynamically unstable and could not exist [51]. The
thermal fluctuations in low-dimensional crystal lattices may lead to atomic displacements
comparable to interatomic distances and may finally result in their instability [52]. Also, the
melting point of materials rapidly decreases with decreasing thickness (around atomic scale) and
this may result in decomposition into few atoms. With this argument, atomic monolayers are
being grown as an integral part of larger 3D structures. This process of growing monolayers
epitaxially continued until the experimental discovery of graphene and other free-standing 2D

atomic crystals.

The discovery lead to the Nobel Prize for physics 2011. The thermal fluctuation problem in the
case of 2D graphene is overcome by the sp2 hybridized carbon bonding (strongest type of
bonding) and thus the atomic vibrations are minimal. The extracted 2D crystals of graphene
becomes intrinsically stable by small crumpling in the third dimension leading to a gain in elastic

energy and reduces the effect of thermal vibrations.

3.4 Toughening of polymers using nanofillers

Toughening of polymers has been an area of research through years because of their intrinsic
brittle properties [53-57]. The basic theme of toughening of polymers is to improve their crack
resistance (fracture toughness) without decreasing other properties [58]. Several attempts have

been made to tailor the properties of polymers to the needs using a variety of nano fillers with

17



different interaction mechanisms. The nature of interaction of these fillers could be either

physical, chemical or a combination of both [59].

Physical interaction is a process where the mechanical properties are enhanced when the fillers
physically interact to increase the resistance of deformation. This can be looked at as a
nanocomposite with fillers as reinforcement, transferring load to the matrix. The physical
interaction is dependent on the shape of the filler and its aspect ratio.

Some of the commonly used physically interacting fillers are carbon nanotubes, fullerenes, clay,
graphene, thermoplastics, graphite and others [55, 60, 61]. The degree of property enhancement is
a function of various parameters like the dimensionality of the filler, composition, modulus
mismatch between the matrix and filler and dispersion. For example, Wang and his colleagues
invested the effect of clay on the mechanical properties of epoxy nanocomposites [18]. They
observed an improvement in both Young’s modulus and fracture toughness at a clay percentage
of 2.5 by weight of epoxy. Rafiee studied fullerene modified epoxies and reported a 20%
enhancement of ultimate tensile strength compared to the baseline epoxy polymer with 0.5% of
fullerenes. A fracture energy study on the same polymer demonstrated a 93% improvement in
fracture toughness (Kic) with 1% nanofillers over pristine epoxy [62].

In chemical interaction mechanisms, the fillers chemically react with the polymer domains and
either completely of partially modify the properties of the polymer. Examples of chemically
interacting nanofillers include graphene oxide, functionalized carbon nanotubes, polyhedral
Oligomeric Silsesquioxanes (POSS) and several others [63-65]. These fillers form chemical
bonds with the matrix that improve the material properties. The degree of improvement depends
on the type of bonds that are formed. Covalent bonds being the most favorite, hydrogen bonding,
pi-pi interactions and other types of bonding make the molecular motion difficult and thereby

improve the properties.

18



Kelkar studied mode | fracture toughness in glass fiber reinforced composites by incorporation
alumina nanoparticles [66] and achieved a 51% increase in the Mode | fracture toughness values.
However, functionalization of these nanoparticles produced a 74% improvement. Yadav et. al.
tried interleaving of Kevlar fibers in the interface of carbon/epoxy composites. An improvement

of 100% in fracture toughness was observed with a 6% reduction of flexural modulus [67].

Research on use of chemically interacting nanofillers has also seen success in improving the
mechanical properties [60]. Moniruzzaman investigated on a method to graft single wall
nanotubes to epoxy systems. Grafting improved flexural modulus by 17% and flexural strength
by 10% over neat resin with about 0.05% by weight of nanotubes. A similar approach by Liu et
al. using chemically functionalized carbon nanotubes demonstrated a 78% improvement in the
tensile modulus with 0.8 wt% of functionalized nanotubes [68]. Use of a variety of POSS
nanofillers in the resin systems in structural composites resulted in significant improvement in
thermo-mechanical properties [69].

3.5 Graphene and graphene oxide as nanofillers

Graphene oxide is a class of nanofiller that can interact both chemically as well as physically. The
basal planes help crack deflection and the functional groups at the edges help modifying the resin.
Given these advantages and the fact that the individual plates of graphene oxide can be isolated,
graphene and its oxide form are looked at as potential fillers for the enhancement of thermal,
mechanical and electrical properties [70].

Min et al. worked on the improvement of toughness and dielectric properties of epoxy resins
using graphite nanosheets [71]. They observed that the dielectric constant of epoxy/graphite
nanosheet composites improved with 3.5 wt% graphite filler content. They also achieved a 35%
improvement in storage modulus, toughness and tensile properties. Rafiee et al. explored the
possibility of graphene oxide as nanofillers for fracture toughness improvement and other

properties. They used thermally exfoliated graphene oxide to modify epoxy resins in the bulk and
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observed significant improvement in the toughness, stiffness, flexural strength, and fatigue
resistance at lower nanofiller loading fractions [17].

Zaman et al. conducted similar study on two types of epoxies with functionalized graphene. They
exfoliated graphene using sonication and chemically modified to obtain functionalization. They
observed a 96% improvement of fracture energy release rate at 4 wt% graphene concentration.

Also, an improvement in glass transition temperature was observed at 2.5 wt% [72].

Graphene oxide is also looked at in biomedical industry as a form of reinforcement. Xiaoming et
al. used graphene oxide as a nano-reinforcement in chitosan matrix. They observed an
improvement of 122% in tensile modulus and 64% in Young’s modulus with about 1 wt % of
graphene oxide [73]. Also, Hailong et al. looked at the biocompatibility of graphene oxide
reinforced chitosan nanocomposites and observed improvement in modulus [74].

3.6 Toughening mechanism in graphene filled composites

Several toughening mechanisms have been proposed with the use of nanofillers and have been
thoroughly studied in literature [53, 55, 58, 75, 76]. Secondary phase nanoparticles located near
the tip of a propagating crack disturb the crack front, causing a reduction in stress intensity. Some
of the very common toughening mechanisms observed in carbon-fiber/Epoxy composites are
crack bowing, crack deflection, fiber bridging and plastic deformation. Among these
mechanisms, crack bowing and crack deflection are a simultaneously occurring phenomenon. The
first produces a nonlinear crack (can be in the same plane) while the second produces non-planar
crack [15, 16].

3.6.1 Crack Deflection

Deflection toughening is a phenomenon where a propagating crack in a matrix material will
change its course when obstructed by a filler material. Faber and Evans in “Crack deflection
processes I and II”” describe the mechanism of crack deflection [15, 16, 76]. A propagating crack

on encountering an obstacle will deflect into a different plane due to a drop in stress concentration
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at the crack tip, either by tilting or twisting. As the energy required to fail the composite in mode
I1 or mode 111 stress states is higher compared to mode | failure, there will be an improvement in
fracture toughness. The fracture toughness improvement can also be related to an increase in
fracture surface area due to the torturous path laid down by the fillers due to crack deflection. The
deflection process makes the crack path torturous and increases the fracture surface area, leading
to higher energy absorption. The deflection is caused by the elastic modulus and/or thermal
expansion mismatch between the matrix and the particulate phase. The sign of the residual strain

determines the direction of the deflection[76, 77].

3.6.2 Crack Bowing

Crack pinning or bowing occurs due to the resistance of secondary phase particles to the
propagating crack in the matrix. In this condition, the crack tends to bow between the particles
resulting in reduction of stress intensity along the length of the bowed crack [78]. Also, the length
of the crack increases and thereby the fracture toughness. The stress intensity at the particle-
matrix interface increases till the fracture toughness of the particle is reached and then the crack
propagates further. Figure 9 shows the schematic of crack bowing mechanism observed in

nanocomposites.

Brack Bowing

Nanoparticles

Crack Front

Figure 9: Crack pinning mechanism
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Bernd Wetzel et al. studied the fracture and toughening mechanisms in epoxy resins containing
titanium dioxide (TiO,) or aluminum oxide (Al,Qj3) [78]. They observed significant crack pinning
on the fracture surface.

Rutnakornpituk discussed the possible mechanism of toughening of thermoplastic filled
thermosetting polymers [55]. He proposed that the role of thermoplastic particles is to behave as
impenetrable objects for the crack and slow down the rate of crack propagation.

3.6.3 Crack Bridging

Crack bridging is a process of toughening where the fibers restrict the relative displacement
between the opposite crack faces and thus slow delamination growth by decreasing the local

stress intensity at the tip of the delamination. The fillers in the composite span two crack
surfaces and alleviate the stress required for further propagation of crack. Figure 10 shows

a schematic that depicts the fiber bridging process of toughening.

Crack Bridging

Figure 10: Crack bridging mechanism

Rutnakornpituk while discussing about the mechanism of toughening using thermoplastics,
proposed the possibility of the thermoplastic materials phase separating and spanning the crack

surfaces [55].
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Spearing et al. investigated the effect of fiber bridging in composites on the fracture toughness of
the composites [79]. They observed that interlaminar fracture resistance is sensitive to fiber
bridging.

3.6.4 Plastic Deformation

Plastic deformation mechanism of toughening is a phenomenon in which the matrix acquires the
required energy to flow in front of the crack tip, thereby blunting the tip. The flow results in
localized shear yielding and plastic flow in the material adjacent to the fracture surfaces and
thereby absorbing more energy before propagation of crack.

The plastic flow can be improved by suspending nanoparticles throughout the matrix [80].
McGarry et al. compared the chemical bond energy to the fracture energy of toughened epoxy
resin systems. They observed a difference between measured and calculated values of bond
breakage energy due to localized shear yielding and plastic flow in the material near the fracture

surface.

23



CHAPTER IV

MATERIALS AND TESTING

The present chapter focuses on the materials used, the sample making procedure and
characterization procedures involved in the process. Graphene oxide is incorporated into the
interlaminar region by dispersing it in polyvinyl Pyrrollidone and painting it in the interface.
Specimens are prepared varying the graphene oxide content in the PVP solution. Improvement in
properties of composites due to the embedded graphene oxide plates is studied through various
experiments and characterization techniques.

4.1 Graphene oxide

The graphene oxide required for the investigation was prepared following a protocol by Marcano
et. al, “Improved synthesis of Graphene oxide” [81]. The process is a modification of Hummers’
process [38]. In the hummers’ process, graphite oxide is obtained by oxidizing graphite using
agents like sulfuric acid, sodium nitrate and potassium permanganate. The reaction between
sulfuric acid and potassium permanganate produces manganese heptoxide, a highly volatile
compound dark green in color. Manganese heptoxide further dissociates into manganese dioxide

and ozone.

In the Hummers’ process, flake graphite was initially added to sodium nitrate and suspended in
sulfuric acid in a container maintained at 0 ° C. Calculated amount of potassium permanganate is

added to the suspension while agitating to complete the oxidation process.
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The method currently followed uses phosphoric acid along with the sulfuric acid to increase the
amount of oxidation. Expanded graphite (1 weight equivalent) was suspended in a 9:1 mixture of
concentrated sulfuric acid and phosphoric acid. Potassium permanganate (6 weight equivalents)
was added to the solution and the reaction mixture was stirred for 12 hours. Water was added to
the solution and stirred to obtain a brown dispersion. The obtained solution was then filtered to
obtain a brown paste, which is graphite oxide with some bi-products as impurities (mostly
manganese dioxide). The obtained paste was suspended in water and centrifuged at 4000 rpm for
lhour to obtain graphene oxide separated from the solution. The process of centrifugation was
iterated five to six times and finally dispersed in ethanol. The obtained solution was washed in
succession with 200 ml of water, 200 mL of 30% hydrochloric acid, and 200 ml of ethanol. The
final brown solid obtained had lot of water and was then dried at room temperature to obtain
graphite oxide. Washing with HCI is to dissolve manganese oxide and separate it from the

solution. Figure 11 shows the graphene oxide dispersed in water.

Figure 11: Graphene oxide dispersion in water
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4.2 Exfoliation of graphene oxide

The oxidized form of graphite obtained was dispersed in polyvinyl Pyrrolidone (PVP) expecting
intercalation of PVP chains in the inter-planar regions of graphene sheets. A Qsonica’s S-4000
type ultrasonicator with a 0.5 inch probe was used to exfoliate the graphene oxide plates.
Ultrasonicator is a device that converts electrical signal into physical vibration that can be utilized
to agitate a solution. It consists of a probe that vibrates at a very high frequency, nucleating
cavities in the solution. Cavitation occurs when a series of pockets of space between the
molecules are formed and collapsed. Several such bubbles forming and collapsing continually
create powerful waves of vibration that cycle into the solution and separate apart the plates,
intercalating or exfoliating the nanoparticles. Figure 12 shows 1% by weight of graphene oxide

nanoparticles dispersed in poly vinyl Pyrrollidone using an ultrasonic probe.

Figure 12: (a.) 1 % GO — PVP solution (b.) 1% GOES — PVP film
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4.3 Characterization of graphene oxide

The graphene oxide powder obtained by the process has been characterized using two equipment.
X-ray diffraction analysis was done to check the diffraction pattern in the material. X-ray
diffraction patterns were collected in reflection, on a Bruker D8 Discovery diffractometer, using
Cu Ka laser (A = 1.54054 A) radiation. A small amount of the graphene oxide powder on a clean
glass slide was characterized using a Cu Ka laser. The same procedure was carried out on the
starting material graphite. The intensity of the light diffracted at different diffraction angles was
recorded and the intensity versus 2e plots for graphene oxide and graphite are compared. Also,
the d-spacing in the nanofillers is calculated and compared using Braggs law. The basic principle
of Bragg’s law is shown in Figure 13: Bragg’s law. The governing equation for diffraction of

light is given as

ni = 2dsin@ )
Where
A = wavelength of the x-ray
0 = scattering angle
n = integer representing the order of the diffraction peak.

d = inter-plane distance of (i.e atoms, ions, molecules)
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Figure 13: Bragg’s law

The unexfoliated and exfoliated versions of graphene oxide were looked at in a Hitachi S-4800
SEM Scanning electron microscope (SEM). The specimen in the study being nonconductive,
have been coated with gold (upto 50 nm thick, 1 minute exposure) using a crissington sputter
coater before microscopy. Intercalated graphene oxide has been observed in the a transmission

electron microscope to understand the dispersion.

4.4 Composite panel fabrication

Composite laminates were prepared for studying the effect of graphene oxide in the interface.
Three types of samples, for double cantilever beam (DCB) testing, flexure testing and dynamic
mechanical analysis were fabricated for the current study.

The basic process for making composite laminates involved the use of pre-impregnated carbon
fabric obtained from TCR composites. The prepreg obtained was a C105-3K- Plain Weave fabric
pre-impregnated by a phenolic novalac based resin (36% resin). Sixteen layers of prepregs were
cut according to the planned dimensions and exfoliated graphene oxide in PVP solution was
painted on the surface. The coated prepregs were allowed to dry at room temperature for half an
hour and stacked in order. Sufficient care was taken while stacking to maintain the 0-O layup

sequence in the samples to avoid the possible effect of the layup design parameters on the fracture
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toughness. The stacked prepregs were cured using a hot-press that can apply uniform pressure all
through the sample. The curing cycle followed was according to the manufacturer’s
specifications. The samples were ramped up at less than 5° F/min till 310° F and held for 1 hour.
They were then cooled down to at least 150° F before removing from the hot-press at less than 5°

F/min ramp-down rate. Figure 14 shows a composite laminate prepared using this method.
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Figure 14: Composite laminate

Samples with only PVP and no nanofiller were used as control and the effect of filler was studied
varying the level of doping. Samples were cut according to the ASTM sample dimensions for

mode | fracture toughness measurement, flexure testing and dynamic mechanical analysis.
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4.5 Fracture toughness measurement

The mode | fracture toughness of the composite plies was measured using an instron machine
according to the ASTM standard D 5528 [82]. The process of testing involved introduction of
known length of crack in the samples and measuring the energy required for failing the samples
in mode | fracture. Samples were made by painting the nanoparticles dispersed in PVP solution in
the mid-plane of the 16 layered prepreg stack and then curing them. A non-adhesive Teflon
(PTFE) insert, 13 um thick was introduced at the mid-plane of the laminate during layup to form
an initial crack.

A pair of piano hinges were bonded to the end of each specimen to transfer the load to the
sample. The hinge tabs were selected such that they can sustain the load operated in the testing
process. The distance from the loading block pin to the center line of the top specimen arm was
kept as small as possible to minimize the errors resulting from the applied moment arm during the
testing.

The bonding surfaces were lightly scrubbed with sandpaper and wiped clean with acetone to
avoid possible contamination before bonding. A cyanoacrylate based glue (superglue) was used
to adhere the surfaces together and allowed to dry. The edge of the specimen was painted using a
liquid ink corrector (of low viscosity) to ease the visual detection of crack propagation. The
painted edge was graduated in millimeters to facilitate easy measurement of the crack length.

Figure 15 shows a schematic of a typical DCB sample.
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Figure 15: Schematic of DCB specimen
The sample dimensions of the DCB specimen used are enlisted in Table 3.

Table 3: Sample dimensions for DCB testing

Dimensions Values (inches)
Length (L) 8
Width (b) 1
Depth (h) 0.16
Initial crack (ag) 2

Testing was carried out on an instron 5587 machine, using tension clamps for holding the piano

hinges. The crosshead speed used in the process (strain rate) was 1 mm/s. Load was applied using

the load-cell of the machine and delamination length ‘a’ was measured from the graduated edge

of the specimen. The initial delamination length ‘a,” was noted for further calculations. Instron

interface software records the load deflection data and are tabulated in a ‘.raw’ file. Readings for
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the increments of delamination growth were noted down along with the corresponding load.

Figure 16 shows the test setup and the final loaded sample.

Figure 16: Double Cantilever Testing

The fracture toughness of the samples was calculated using a Modified Beam Theory Method.
The beam theory expression for the strain energy release rate of a perfectly built-in double
cantilever beam is given as follows.

¢ _ _ 3PS )
'™ 2b(a+ 4]

Where:
P = load,
o = load point displacement
b = specimen width
a = delamination length
A = correction factor
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A is introduced in the original expression as a correction factor to account for the rotation of the
delamination front as the beam is not exactly a built-in beam. The correction is accounted for by
treating the DCB as having a slightly longer delamination (a + |A|), where A is the x-intercept of a
least squares plot of the cube root of compliance as a function of crack length. Figure 17 shows a

root square plot for the calculation of error in the testing procedure.

A\

i | =
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Figure 17: Correction factor determination

4.6 Fractography
The fracture surfaces of the delaminated samples from double cantilever beam test were studied
for understanding the mechanism of fracture using a Hitachi S-4800 Scanning electron
microscope (SEM).
4.7 Flexure testing
The flexural properties of the samples were measured by three point bending tests on the instron
machine. Samples were prepared on the same lines as discussed earlier except for the point that

the graphene oxide dispersed in PVP is painted on each of the 16 layers in the samples. The
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specimen were cut from the composite laminates according to the ASTM standard, D 790 for
testing flexural properties of reinforced plastics[83]. Figure 18 shows a specimen being tested on

instron.

Figure 18: Flexure testing on the laminate
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The sample dimensions of the flexural testing are enlisted in Table 4.

Table 4: Sample dimensions for flexural testing

Dimensions Values (inch)
Support span (L) 2
Width (b) 1/2
Depth (d) 1/8

Testing was carried out on an instron machine 5528, using 3- point bending clamps with a
crosshead speed of 0.275mm/min. Load was applied using the load-cell of the machine and the
instron interface software records the load, deflection values. The flexural stress in the specimen
was evaluated using classical beam theory assuming the beam to be elastic. A homogeneous
elastic simply supported beam loaded at the midpoint has the maximum stress at the midsection
and at the outermost fiber [84]. The equation relating the load applied and the flexural stress is

given as

3 PL 3)

9 = 2baz

Where:
o5 = flexural stress
P = load at a given point on the load-deflection curve
L = support span
b = width of beam tested
d = depth of beam tested
In the load displacement curves obtained, a toe region is observed, which is not the property of

the material is. It shows an increased displacement with no applied load (or very low applied
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load). This region may be attributed to alignment of the specimen in the loading process. In order

to obtain correct measurements of the modulus and strength, the toe region is compensated and

the calculations are carried out. Figure 19 shows a typical load-deflection curve with a toe region

AC.

Load

\J

Displacement

Figure 19: Toe compensation
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CHAPTER V

RESULTS AND DISCUSSION

5.1 Graphene characterization
X-ray diffraction patterns collected in reflection, using a Bruker D8 Discovery diffractometer on

graphite and graphene oxide powders are plotted in the Figure 20.

It can be observed from the plot that there is a difference in the intensity of the peaks, confirming
that the densities of the materials are different (graphene oxide is less dense). Also, the graphene
oxide diffraction pattern occurs at lower angles compared to graphite. This is an evidence of
increase in the distance between the plates. The distance between the plates is calculated using the
Bragg’s law and the values are notified on the peaks in the plots. Similar peak patterns were
observed by Peter Ho and colleagues and in their patent on functionalized graphene oxide [85].
The diffraction pattern for the graphite nanoparticles show characteristic peaks at 26.41°and the
same for graphene oxide occur at 10.53°. The d-spacing between the plates is calculated using the

Bragg’s law and is notified on the plot.
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Figure 20: X-Ray Diffraction analysis of graphene and graphene oxide

5.2 Load vs. Deflection Curves (DCB)

The load and deflection recorded in the DCB testing are plotted and shown in the Figure 21 at
different graphene oxide loadings. It can be inferred from the graph that the load required (energy

absorbed) to propagate the crack in the specimen talks for the fracture toughness. Also, the
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loading curve exhibits a saw tooth shaped profile, which is a characteristic of the stick-slip mode
of crack propagation. Every sudden drop in the load can be attributed to crack propagation and
the transition between the cracks to crack restriction. Similar load deflection pattern has been
observed by Kathryn et al.in double cantilever testing of photopolymerizable (meth)acrylate

polymer networks [86].
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Figure 21: Load vs. Extension plots - DCB
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Also, there is an increase in the modulus of the samples in 5 wt% and 7 wt% graphene oxide
concentrations. This increase may be attributed to the increase in the crosslink density of the
material due to the availability of functional groups. Kathryn et al. have reported similar behavior
in photopolymerizable (meth) acrylate polymer networks [86].

5.2.1 Fracture Energy

From the double cantilever test results, critical strain energy release rate (Fracture toughness, G,¢)

values were calculated using equation 2 and are tabulated in Table 5.

Table 5: Propagation G,c at different filler content

Modification Gic Standard Deviation
Base Line 818.17 34.34
PVP Only 1084.18 67.13
1% GO - PVP 708.62 35.18
3% GO - PVP 916.04 18.35
5% GO - PVP 1695.40 66.66
7% GO - PVP 1597.17 81.34

The Gic values are plotted in Figure 22. It can be seen from the bar chart that there is an
improvement of approximately 30% in the fracture toughness with initial addition of PVP in the
interface. Similar enhancement in the fracture toughness has been shown by Rutnakornpituk in
“Thermoplastic Toughened Epoxy Networks and Their Toughening Mechanisms in Some

Systems” with different thermoplastic materials in thermosetting resin systems [55].
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Figure 22: Comparison of G,c at different filler contents

Rutnakornpituk proposed that the mechanism of toughening might be that the thermoplastic
additive could span two crack surfaces and apply surface tractions that counteract the stress
required for the crack to advance. Also, the thermoplastic could phase separate and act as a crack

deflector.
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With an initial addition of graphene oxide (1% GO), there was a reduction in the fracture
toughness. Since the graphene oxide is added to PVP solution prior to the application in the
interface, some of the reactive groups within GO might be reacting with the amide and oxygen
double bonds, making them unavailable to participate in the reaction with epoxide in the matrix

resin.

When 5% GO — PVP was added to the interface, there was a drastic improvement in the Gc.
With further addition of GO after 5%, there is no significant change in the G,c. Additionally,
beyond 5% GO, agglomeration effects could become significant, similar to observations by Ke
Wang et al, with clay additives in “Epoxy Nanocomposites with Highly Exfoliated Clay:

Mechanical Properties and Fracture Mechanisms” [18].

5.2.2 Resistance curves

Resistance curves are the plots signifying variation in strain energy release with an increase in
crack length. Figure 23 shows the resistance curves at different filler content. It can be seen that
there is an improvement in the propagation fracture toughness of laminates containing 5 and 7 wt
% of graphene oxide in the interface. Also, it can be inferred from the plot that the crack is
unstable while propagating. This can be attributed to the modification of bonding between fiber

and epoxy interface. Similar behavior is observed by in [87].
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Figure 23: R- Curves for DCB
5.3 SEM, TEM Analysis and Fractography

SEM analysis on the un-exfoliated and exfoliated graphene oxide was carried out and the results
are shown in the Figure 24. It can be seen from the SEM images that the plates are seen separated

and distance between the plates has significantly improved.
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Figure 24: (a.) Unexfoliated and (b.) Exfoliated Graphene Oxide

TEM analysis on the PVP intercalated graphene oxide was carried out and the results are shown
in Figure 25. Layered structure of graphene oxide can be seen from the TEM image and the

separation between the layers can be understood.

Figure 25: TEM image of PVP - GO film
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Fracture surface analysis of the DCB samples revealed that intercalation is well achieved. Figure
26 shows an SEM image that shows the fracture surface of a specimen tested using DCB. It can
be seen from the fracture surface that the resin system also contributes to the separation of the

graphene oxide plates.

-

_
S4800 10.0kV X40.0k SEM

Figure 26: Resin system intercalated between two graphene oxide layers

The fracture surfaces of the specimen after DCB testing were studied usning a SEM and the
fracture mechanisms are predicted. Figure 27 is an SEM image at X 5.00k magnification of the
crack surfaces of plain composite and 5 wt% graphene oxide composite. It can be seen in the
figure that the fracture surface of the neat epoxy is very smooth except for few river like
markings near the tip of the crack. This type of fractograph is typical for brittle polymers, proving

that the resistance to crack is very low [18]. On the other side, the fracture surface of graphene
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oxide modified composite is rougher when compared to that of plain composite.

e

2 > 5.00
S4800 X 5.00k SEM [Plain Composite] 500 pm

54800 X500k

Figure 27: Surface morphology of crack surface a. baseline Composite b. 5% GO- PVP

47



5.3.1 Addition of PVP

As it is seen that there is an initial improvement in the fracture toughness with the addition of
PVP, the fracture surfaces have been studied. The fractograph of mode | failure specimen is

shown in Figure 28.

Figure 28: Fracture surface of PVP composite

It can be observed from the fracture surface that there is a lot of plastic flow involved in the

process.
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5.3.2 Reduction in G,cwith 1-3 wt% of GO

From the fracture toughness values from the DCB results, it has been observed that there is a
reduction in the G,¢c values with an initial addition of graphene oxide (1-3 wt % of GO) in the
interface. Fractographic studies of mode | failed DCB specimen revealed that there is a uniform
distribution of phase separated PVP- graphene oxide particles of large particle size. These
particles might act as inclusions in the composites and result in lowering of fracture toughness.
The formation of phase separations in a 3 wt% graphene oxide specimen is shown in Figure 29.
These phases are clearly visible on the crack interface because the crack travelled through the
phases. The possible reason behind formation of these agglomerates is unavailability of reactive
groups in PVP — graphene oxide solution. This might result in formation of stable PVP —

graphene oxide phase in the interface.

50.00 pm

Figure 29: PVP - phase separation
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However, crack deflection and other toughening phenomenon have also been observed in 3 wt%
graphene oxide composites, despite phase separation. These occurrences can well explain the

increase in the fracture toughness in the laminates from 1wt % to 3% GO addition (Figure 30).
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S4800 X 4.00 k SEM [3% GO Composite ] 5.00 pm

Figure 30: Surface morphology of 3% GO composite
5.3.3 G,cbetween 1-7 wt % of GO

SEM fractographs have been taken for the DCB specimen for understanding the mechanism of
toughening by graphene oxide toughening.

The SEM image shown in Figure 31 describes the crack deflection occurring in the composites at
5 % graphene oxide concentration. It can be observed from the image that the fracture surface is
very rough and filled with scale-like steps. This is an indication of the presence of graphene oxide
layers in the interface, forcing the crack to take a much tortuous propagate along a very tortuous

path.
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Figure 31: Crack deflection in 5% GO composites.

Crack arresting and jumping patterns are observed on the fracture surface of the laminates, which
relate to the saw-tooth profile on the load vs. displacement curve. Figure 32: Crack Jumping and
arresting patterns on composites compares crack jumping phenomenon in 1 and 5 wt % graphene
oxide composites. It can be seen from the SEM image that the number of jumps becomes larger
with the increase of GO concentration, indicating high crack deflection. Hussain et al. observed

similar crack jumping behavior in titanium dioxide filled epoxies [88].
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Figure 32: Crack Jumping and arresting patterns on composites
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Advantage of crack jumping and arresting is that it releases large amounts of energy, leading to
plastic deformation of the matrix phase. Plastic deformation blunts the crack and helps in further

energy absorption at the crack tip.

S4800 X 6.00k SEM [5% GO Composite] 2.00 pm

Figure 33: Plastic Deformation

Figure 33: Plastic Deformation shows plastic flow at the crack-tip in a 5 wt% graphene composite
laminate. Similar pattern has been observed by Han and his colleagues when they incorporated
fumed silica nanoparticles [89]. Crack pinning is another observed phenomenon in graphene
oxide filled composites. Figure 34 shows crack pinning mechanism in 5 wt% graphene oxide

composites.
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Figure 34: Crack pinning

5.3.4 Microcracking

Another mechanism of fracture observed is by the mechanical cleaving of the layered graphene
oxide. Though graphene is termed as a single crystal, any configuration that has 10 layers or
below is generally termed as 2D [51, 90]. In this case, the intercalated and exfoliated graphene
oxide will still be a group of few plates and those plates trap microcracks in the composites,
which can grow with application of load. Figure 35 shows the concept of crack initiation in

layered nanocomposites.
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Figure 35: Crack initiation and propagation in composites with layered fillers [18]

Figure 36 shows the microcracking phenomenon observed in 7 wt % graphene oxide composites.
It can be seen from the figure that there is a good bonding between the plates and the matrix. The
smooth plate surface is an evidence for separation of the plates by the load applied. Also, a clear
edge on the surface of the plate supports the fact that the plate surface has been hidden from the

matrix and has been exposed after mechanical cleavage occurred.
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Figure 36: Micro cracking phenomenon

5.4 Flexural Testing

Stress vs. strain data is evaluated from the load deflection curves in flexure following the astm
standard. The data is plotted in the Figure 37 and it can be observed that there is a drop in the
flexural strength of the composite laminates. Also, the toe region in the stress vs. strain plots can
be observed. Similar toe like regions have been observed by Lu et al. on interleaved carbon/epoxy

composite laminates [91].
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Figure 37: Stress - Strain curves in flexure

Toe compensation is corrected and stress vs. strain plots are re-plotted in Figure 38 till elastic

region to obtain flexural modulus.
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Figure 38: Modulus calculation

The results on the flexural modulus are are plotted in Figure 39: Flexural Modulus and tabulated
in Table 6. It can be observed from the plot that there is no significant effect of different
treatments on the flexural modulus. Similar behavior is observed by Yuan Li et al. with the use of

vapor grown carbon fiber nanofillers at the mid-plane of CFRP laminates [34].
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Figure 39: Flexural Modulus

Table 6: Flexural Modulus

Modification Modulus (GPa) Standard Deviation
Plain Composite 52.42 6.51
PVP-Composite 53.75 5.02

1% GO Composite 55.48 7.63
3% GO Composite 55.53 12.96
5% GO Composite 50.73 6.8

7% GO Composite 52.47 8.54
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5.5 Toughness — Flexural modulus tradeoff

In most of the modification techniques, with every toughness improvement, there is an associated
reduction in other properties [55]. That is, there is always a tradeoff between toughness and other
properties. In our case, flexural properties are expected to reduce due to nonhomogeneous
material properties in the through thickness direction [91]. It is observed in our case that there is
no significant change in the flexural modulus with improvement in the toughness. Figure 40

shows a plot that shows tradeoff between toughness and flexural modulus.
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Figure 40: Toughness - Flexural modulus tradeoff
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Figure 41 describes the correlation between fracture toughness and flexural modulus. It can be
seen from the plot that the trend of fracture toughness improvement has a high slope. In other

words, improvement in fracture toughness can be obtained without a reduction in flexural

modulus (not significant change).
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Figure 41: Fracture Toughness vs. Flexural Modulus
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CHAPTER VI

CONCLUSION AND SCOPE

A smart selective toughening method that uses graphene oxide as secondary filler has been
developed in the current study. Carbon fiber reinforced epoxy resins have been modified with
PVP dispersed graphene oxide in the interface region and fracture toughness and flexural strength
have been evaluated. A 100% improvement in the fracture toughness with as little as 5 weight
percent of graphene oxide in the interface has been achieved. Unlike typical toughening methods,
this enhancement has been achieved without sacrificing flexural modulus properties of the
composites.

In an industrial applicability standpoint, realization of lab scale research with a minimal initial
investment and easy technology transfer is critical. The present work is an effort to achieve
enhancement in the mechanical properties of materials in a way that can easily be adapted to the
industry with least possible effort and cost. The process can easily be automated and at low
material costs.

Table 7 is a comparison of filler content used in various literature, corresponding increase in the
fracture toughness and rough estimate of the filler prices (cost per unit improvement of G,¢) the
data in Table 7 is plotted in Figure 42. It can be observed that the suggested method in the current

study economically enhances the fracture toughness compared to other fillers.



Table 7: Comparison of various literature and their rough price listing

Filler Type Filler Content Gic  Price ($/1% improvement)

GO 0.02 100 0.03
Alumina [66] 0.2 51 0.04
Alumina [66] 0.2 74 0.03
CNTs [92] 5 97 0.46
Clay [13] 7 100 0.01
CNTs [34] 12.7 26 2.5
120 100
100 [
-1 80
< T
QQ, 80 [ =
2 3
S 160 3
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Figure 42: Comparison of G,¢, Cost and Filler Content in literature



It is known that graphene oxide is hydrophilic and thus may have some effect on the hygroscopic
properties of composites. Thus a detailed study on the hygroscopic effects on the GO modified

composites would give an idea of the applicability of these composites.

Further suggestions for improvement of the study will be to develop a micromechanical model
that can predict the toughness properties of graphene oxide filled composites. A three phase
model similar to the one used by Zhang et al. can be used to predict the mechanical properties of

the composites [93].
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